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INFLUENCE OF ARCTIC OPERATIONS 
ON 
FUTURE SHIP DESIGN.* 


By Capt. Junrus W. Mirarp, U.S.N.R. 


The Arctic and sub-Arctic regions are receiving an increasing 
amount of attention, not only in the public press, but also in our 
national thinking. This attention stems from a variety of reasons 
too numerous to be gone into in this paper, but primarily because 
of the strategic importance of these regions as the locus of great- 
circle routes between most of the important cities of the world. 
This strategic importance follows as a corollary to the develop- 
ment of the long-distance airplane. 

Man is a gregarious animal, and the history of civilization i is the 
history of settlements expanding east and west due to the pressure 


*This article received Honorable Mention in the Society’s. annual prize essay 
contest. 
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of population in the temperate and tropical zones, where food is 
plentiful and living relatively easy. It was only the restless soul 
—the non-conformist—who went in a north or south direction 
from this broad temperate band of civilization, and so the extreme 
ends of the earth were never thickly settled. This is particularly 
true in the Antarctic regions. As a result, the number of men 
who know from experience what living is like in the northern- 
most and southernmost parts of the world is not only relatively, 
but also actually, small. 

Because of this, as well as lack of interest on the part of the 
general public, there exists a large amount of misinformation 
regarding actual Arctic conditions. In the popular mind, this 
region is one of sub-zero temperatures, constant blizzards, an 
occasional polar bear and seal, Aurora Borealis, and darkness! It 
is not the purpose of this paper to point the way out of popular 
misconceptions, but insofar as open-water Arctic operations are 
concerned, it must be said that this belief is not based on fact. 

From the known facts, however, it is obvious that operations 
of both land and naval forces in these Arctic regions will require 
the solution of many problems of logistics and shipbuilding. 
Particularly is this true in the adaption of present-day ships to 
such operations. While many structural changes, of course, will 
be necessary, the greatest emphasis will fall on changes primarily 
dealing with the comfort and welfare of personnel. In the 
preparation of this paper an attempt was made to segregate the 
problems of materiel and personnel, but this had to be abandoned, 
largely because of their mutual interdependence. 

Sea water of average salt-content freezes at approximately 
29° F., and so in the open sea this is the lowest water temperature 
to be encountered. Up to a distance of about forty miles from 
shore (from the shore ice, that is) the lowest air temperature is 
about 0° F., and, under this condition of 0° F., winds of: about 
20-25 knots may be expected. Further, and due to the high vapor 
pressure of the relatively warm water, the wet and dry bulb 
temperatures are substantially equal. This low-temperature con- 
dition obtains when the wind is blowing to sea from a land mass, 
but when the direction of the wind is such that it has had a long 
fetch over open sea (at least 18 hours) the air temperature 
approaches that of the water, and may be above freezing, even 
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though forty or fifty miles away temperatures on land may be 
well below zero. The wit who said that “nothing is permanent 
but change” might have been speaking of the Arctic regions, for 
this is one of the most changeable regions of the world as far as 
weather is concerned. 

In addition to the wind and cold, there is probably no other 
region of the world (with the possible exception of the Antarctic 
regions) with the high incidence of foggy or cloudy (completely 
overcast) days, and ruggedly-rough seas—all in all, a navigator’s 
nightmare! With land-marks far inland, and often out of visual 
range (due to shore ice), and with no celestial observations possi- 
ble for days on end (due to the overcast), mechanical navigation 
aids, such as Loran and Radar, must be more highly developed, 
and almost lavishly provided. 

Over the cold inland areas it is generally fairly calm, but as 
there is nearly always wind over the Arctic water, varying from 
a low of perhaps 5-10 knots to a maximum of about 100 knots, 
perhaps it will be well at this time to explain the effect of wind, 
or air-motion, on well-being. Two methods of empirical compari- 
son are used: “effective temperature” for above freezing tem- 
peratures, and what is known as the “wind-chill method” for below 
freezing temperatures. 

Effective temperature, which is used most widely in the band of, 
roughly, 50° to 90° F., varies with dry bulb, wet bulb, and air 
motion, and is determined experimentally by means of human 
subjects. For example, air with a given quantity of moisture, and 
at a constant velocity, is taken as a base; then the variables of 
dry bulb, wet bulb, and air motion, are changed one at a time 
until a condition equal to the base condition of comfort is reached. 
They are then at the same “effective temperature”. It has been 
found that as air motion increases, a compensatory increase in 
temperature or humidity, or both, is necessary in order to reach 
the same “effective temperature”. And for constant air \condi- 
tions of temperature and humidity, an. increase in air motion 
means a lower effective temperature, or feeling of bodily comfort. 

At temperatures below freezing the absolute humidity, the actual 
amount of water vapor in the air, is negligible, so the “‘wind- 
chill” method achieves the same end result.of comparative. bodily 
comfort in the sub-freezing zone by indicating as a factor the 
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degree of body cooling as it varies with temperature and air 
motion. (Detailed information on this very interesting subject is 
to be found in “Measurements of Dry Atmospheric Cooling in 
Subfreezing Temperatures” by Siple and Passel.) The influence 
of wind on bodily comfort must not be overlooked, nor under- 
estimated, in ship operations in Arctic waters. As an example, at 
a constant air temperature of 30 F., with light cloud cover, a 5 
mph wind gave a sensation of “very cool”; 15 mph, “very cold” ; 
and 25 mph, “bitterly cold”. 

The Arctic wind and low temperatures exact a tremendous toll 
on body heat. To provide this heat, more fuel in the form of food 
is essential, and‘so more refrigerated space on a ship is needed to 
carry provisions for larger meals. Warming and nourishing foods, 
such as soup, should be provided for between-meal feeding of 
watchstanders, and to carry this food to the various stations so 
that it may be delivered hot, compartmented and insulated food 
containers are a necessity. For the American sailor this food 
should be implemented by a plentiful supply of hot coffee, which 
can also be issued in these same insulated food containers, or in 
thermos jugs. 

Because of the low temperature and high wind velocities, pro- 
tection must be provided for exposed watch-standing personnel. 
This will call for special enclosures for lookouts, and for better 
heating for large-caliber gun-houses. In the case of 20- and 
40-mm guns, either special shelters, or local heating for personnel 
who must remain at the gun, must be provided during periods of 
general quarters, with possible shelters for the crew during con- 
dition watches. This special protection for gun crews, or all 
exposed watch-standers who are more-or-less confined to one 
spot, may well take the form of electrically-heated clothing which 
can be plugged into a power receptacle at the station. It has been 
found that from 200 to 300 watts per man will provide adequate 
heating. | 

In this paper “open-water”, rather than “ice” operations will be 
assumed, although the latter cannot be entirely disregarded. 
Because of the extreme difficulty of locating drifting mush ice, 
or the smaller bits of bergs, there exists the constant danger of 
collision with these small bergs. It follows then, that the ship 
structure must be strengthened to prevent rupture of the skin by 
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these collisions, with consequent leakage and flooding. In remem- 
bering that the greater part of ice is under water, the greatest 
amount of protection is necessary for the propellers and rudder. 
This can be obtained by fairing in the hull and struts to form a 
sort of tunnel. Fortunately, the presence of large ice floes and 
bergs is frequently, but not always, made known by a large drop 
in air temperature, but these smaller “bergy bits’ (which are 
about as large as a small cottage), not only do not announce their 
presence, but also, because of their closeness to the surface of the 
sea, cannot be found by other than alert lookouts. “Growlers” are 
even more dangerous, These are smaller than “bergy bits”, and 
are not only almost the same color as the sea, but are almost even 
with its surface, making detection extremely difficult. There 
exists then a great need for mechanical or electronic methods of 
ice location, particularly when operating relatively near to the 
shore-ice. 

One of the greatest dangers in Arctic operations is the freezing 
of spray into ice on the topside of a ship. There have been many 
instances where this has been of such an amount as actually to 
capsize a ship. For Arctic use a ship must be designed “dry” first 
of all, and in addition, means must be provided to remove such 
ice before it assumes dangerous proportions. This may take the 
form of vibrating tools such as air hammers, steam, hot salt water, 
chemicals, or manual chipping with wooden mallets or clubs. Of 
these, hot salt water is probably the most effective and easiest to 
provide, as it can be distributed about the weather decks by means 
of the firemain. Heating of this sea water can be either by a 
central heater in the machinery spaces, or locally by supplying 
steam to individual fire plugs on the weather decks, although this 
latter method is wasteful of fresh water unless local heat ex- 
changers are used. Chemicals, because of their corrosive nature, 
do not seem to have much use in naval: vessels to prevent ice 
formation. 


All exposed rotating, or operating, mechanisms should be 
enclosed to prevent their being rendered inoperative by ice. If 
this is not possible, special grease, or in extreme cases, special 
heating devices should be provided. The hawsepipes are a 
particularly vulnerable part of the ship, especially if there is any 
probability of having to anchor, and it may be necessary’to pro- 
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vide high-pressure steam coils around them. This will not of 
itself rid the anchors of ice, but should provide a passage for hot 
salt water to take care of ice on the anchor itself. 

In addition to icing-up of the topside, icing-up below the water- 
line, oddly enough, must be provided for. In the hull of the ship 
there are, of course, many sea injections, and these must be placed 
low enough below the water-line that they are not exposed long 
enough, or often enough, when the ship rolls that they freeze 
solid with ice. This is a real danger, particularly in the smaller 
ships. 

While on the subject of icé formation on the topside, in future 
design of ships for Arctic operation it would appear that greater 
attention should be paid to better footing in general under icing 
conditions, and of ways of preventing a man’s falling overboard 
in case of losing his footing. As one method of accomplishing the 
same result, more interior ways should be provided for passage 
from one station to another, particularly under general quarters, 
or blackout, conditions. 

Even under the relatively-mild condition of open-sea operation, 
men cannot survive more than a very few minutes in Arctic water 
without special warm and waterproof clothing. This special cloth- 
ing is very bulky, and stowage must be provided for it at the 
abandon-ship stations in sufficient quantities for the whole crew. 
Even with these special clothes, men become chilled when in the 
water, and it may well be that some means of abandoning ship 
should be provided other than life rafts. This is particularly true 
for ships operating independently. Any form of abandon-ship 
boat or raft with more personnel protection than presently pro- 
vided in the balsa life-rafts calls for stowage provision on an 
already-crowded ship, as well as an increase in topside weight, as 
does the stowage of the survival suit. Even with the suit, and in 
a boat, men cannot long survive in this region, and as a natural 
result men will not willingly leave the ship as long as she can be 
kept afloat. In addition, therefore, to strengthening the skin and 
structure to prevent rupture by ice, greater compartmentation and 
even better damage control is indicated for ships designed for 
Arctic operations. 

From the foregoing, it will be noted that most of the changes 
necessary in a ship’s structure and layout have to do with the 
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protection of personnel.. Most Navy ships, structurally speaking, 
are strongly-enough designed for cold-weather operation, or can 
be made so with a fairly small investment of time and money, But 
the proper protection of personnel presents a problem so diverse, 
and with so many ramifications, that much research will be necessary 
before it is solved satisfactorily. As an example, much thought 
and time and money has been put into the problem of Arctic 
clothing. As a result of this the so-called “layer system” has been 
adopted as the best. This works on the principle of many layers 
of light, or relatively light, clothes, rather than an equivalent 
thickness in one or two layers. Successive layers from the outside 
are removed as the ambient temperature increases, or are added 
as the ambient temperature decreases. This takes best care of the 
problem of perspiration, which, strangely, is one of the biggest in 
Arctic survival. All of this, from a Navy viewpoint, adds up to 
additional stowage space for the individual sailor as he discards 
these successive layers. More than that, there is the problem of 
providing drying space for the clothes which are removed, as well 
as for the clothes which may become wet by exposure. The 
problem is complicated by the fact that, as each layer must fit over 
the one below it, clothing must be handled on an individual, rather 
than a communal, basis. This is particularly true on a combatant 
ship where clothes must be readily—immediately—available. 

Laundry facilities must be enlarged, and especially equipped, to 
take care of the large amount of woolens used. Special laundry 
techniques, and expert supervision, is necessary to prevent undue 
shrinkage and matting of these woolens. 

While on the subject of clothes, a mention of ladders and 
accesses is germane. Arctic clothes are of necessity more bulky 
than normal, even foul-weather, gear, and with the heavy shoes 
and gloves or mittens, the individual man finds the accesses much 
heavier going. It may be necessary to lessen the rise of ladders, 
widen and deepen the treads, restrict the use of vertical ladders 
to a minimum, and widen hatches and doors to accelerate passage. 
Further, all topside gear that is to be operated by personnel should 
be designed so that it can be operated by mittened hands; more, 
by cold, stiff, mittended hands, Light switches, for example, should 
be of the toggle, rather than the rotating, type ; round door knobs, 
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wherever they cannot be replaced by a lever type of quick-opening 
door, should be replaced by square door knobs, etc. 

Heating and ventilating of living compartments is of prime 
importance. From an acclimitization standpoint, so that the 
change from living to working conditions be not too great, and 
because of the fact that men are wearing heavy underwear, 
temperatures are carried somewhat lower in these compartments 
than is usual for winter heating. Clothes may be either damp or 
wet, and so most of the air should be outside air, preheated to a 
temperature well above freezing, and then heated to the desired 
temperature by thermostatically controlled heaters. Adequate 
exhaust ventilation should be provided to prevent odors, but 
excess air motion must be carefully guarded against as, at the low 
room temperature, these would classify as drafts. This difference 
in the large amount of air for summer use and the small amount 
for winter use may be handled by either variable-speed, or two- 
speed, blower motors. Because of the fact that Arctic (sub- 
freezing) air is, to all practical intents and purposes, bone-dry, 
and heating still further lowers the relative humidity, the air must 
be moistened by steam, or water, spray to raise the humidity. 
Otherwise, drying and irritation of the mucous membranes of the 
nose and throat will result, with a high incidence of respiratory 
diseases. If a steam spray is used, care must be taken that un- 
pleasant odors, such as from boiler compounds, are removed 
before use, and the humidity should be controlled by humidistats, 
Room odors, because of the relatively small volumes of air em- 
ployed, are a problem, and may be taken care of by ozonators, or 
other electric, or chemical, means. To conserve on heat, deliber- 
ately over-heated air-locks with quick-opening doors, and these 
doors opening aft and out of the wind-stream, should be provided 
at major accesses to the weather decks. 

When the navigating bridge is buttoned up and heated for cold- 
weather conditions, moisture from the breath of the bridge per- 
sonnel causes the humidity to rise, and this may go up to such 
an extent that fog or condensation occurs on the bridge windows. 
This can be overcome by double glass on the windows, by blowing 
heated air across the window, by dehumidification, or by any other 
method, which will prevent the window temperature and bridge 
dewpoint from coinciding, which is necessary for condensation. 
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For practically the same reason, additional insulation may be 
necessary on the firemain, bulkheads below the waterline, and 
similar locations throughout the ship, to prevent sweating and 
consequent dripping. 

The Arctic seems to have been designed deliberately by Provi- 
dence to discourage its settltement ; even, in fact, to encourage its 
isolation. And yet the Esquimaux, by following certain inexorable 
laws of food, heating, and clothing, manage not only to exist, but 
also to lead fairly happy lives. Operation of Naval ships in the 
Arctic under winter conditions will never be the idyllic existence 
of life in tropical, or sub-tropical, waters, But the very recogni- 
tion and admission of the dangers inherent in Arctic operations 
serves to lessen their terrors to the uninitiated—after that, in- 
telligent perseverance, keeping in mind always the fundamentals 
of existence, will in time bring Arctic operations to the level of 
winter patrols in the North Atlantic. 
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AN APPARENTLY NEGLECTED PHASE OF 
NAVAL RESEARCH. 


By Captain James FE. Hamitton, U.S.N., MEMBER. 


The destroyer of World War I cost about a million and a 
quarter dollars and required a crew of about 8 officers and 125 
enlisted men. The prototype of World War II cost about eight 
times as much and requires twice as many officers and three times 
as many enlisted men. The operating cost is several times as 
much as the earlier class. 

The first cost when converted to equivalent dollars reduces to 
about four to six times as much for the later class. Thus it is 
safe to say that both the first and operating costs of a destroyer 
have more than tripled in about a generation. Nothing in war 
experience nor post war plans indicates that the Navy can live 
effectively with a smaller number of destroyers now than it could 
a few years ago. If the number is assumed to be about the same, 
the cost of the destroyer arm of the Navy has increased more 
than threefold, after taking into account the variation in the 
value of the dollar. 

The increased cost is due to a combination of greater size and 
advanced technology. Both are incident to a combination of 
research and development on our part and a counter to research 
and development on the other fellow’s part. 


The general statement about destroyers is applicable in almost 
the same degree to every other material element which goes to 
make up the Navy. The apparent reasons and the trend are well 
known. 

There is a constant demand for improved basic performance, 
for addition of improved weapons and advanced defensive 
features. In a technical sense there is no simple point by point 
comparison between a modern unit and one of a few years 
before. The natural advance is not rapid enough so there is 
increased pressure to raise the tempo of research, then develop- 
ment, operational evaluation and finally adoption. 

There can be absolutely no objection to the ends sought—that 
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every naval element, ship or otherwise, should be positively capa- 
ble of outdoing the best counterpart any competing Navy could 
put against it. No second best ship can be a part of a best Navy. 
Yet quality in the unit cannot fully take the place of quantity. 
No matter what the type or class of a plane or ship, there must 
be enough of them for the strategical coverage required. 

Now of course straight arithmetic brings us to the crux of the 
matter. How long can any first class country continue to main- 
tain an adequate Navy if the number of units does not decrease 
when both the first and operating costs of each unit constantly 
increase? Resistance against current costs is already great. There 
can be a breaking point when the Treasury cannot take it or the 
Congress will not let it try. The task which research and develop- 
ment should be given is to start a downward price and cost trend 
before the breaking point is reached. 

The fruit of research is something to be applied to a practical 
function. The translation requires spending money for material 
and labor for converting that material into the ultimate form 
required, On the side line from mine or. forest. to finished prod- 
uct. are stockholders awaiting dividends, inventors awaiting 
royalties, entreprenuers awaiting profits.and the like. There is 
nothing wrong with any of these elements to which the Treasury’s 
money is distributed. The objection is, if there is any, that there 
are too many of them, and the reason seems to be the path fol- 
lowed by Naval material development. 

Limiting the discussion to ships, the first demand is for in- 
creased size in the new prototypes. Increased size is demanded 
for better sea keeping qualities and to provide carriage for more 
things. Increased size alone does not increase the price markedly. 
At any one time, the cost per ton of naval vessels decreases as 
the tons per ship increases. Doubling the size‘of a class of ship 
might increase the cost of the unit by 25 per-cent. No fault can 
be found with that. If a bigger ship is meeded, and that: decision 
is easily reached as a strictly technical-naval matter, anyone would 
expect to pay more for it. However; when the cost per ton of the 
ship over a period of about 20 years triples in equivalent dollars, 
the increase can be of some concern. 

One cites increased costs of labor and material.as basic reasons. 
Of course that is the major reason but the-answer isn’t just that 
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a ton of steel costs more or that an electrician gets more for each 
hour of work. Those increases disappear in the evaluation of the 
dollar. The reason is the requirement for more expensive kinds 
of material and for the use of higher grades of labor and more of 
it to work each ton of raw material into a finished ship. The reason 
for both is the course which technological advance has taken. 
The trend is marked with gadgetry. 

Simply a naval vessel is a steel hull provided with propelling 
machinery and then equipped with hotel services for her crew 
and a multitude of weapons, communication and detection devices 
and filled with food, fuel, ammunition, operating supplies and 
spare parts. The hull, the propelling machinery, and some of the 
weapons and other equipment have had functional counterparts 
for many years. Other parts of the equipment are being added 
continuously as new things are developed. It could be expected 
that a new functional component added to a ship would increase 
the cost by the cost of that component. Also if the number of 
installed units of any functional component is increased the cost 
would naturally increase. However, it could be expected that 
as functional components are improved, the unit cost of some 
of them might decrease or at least a better gadget could be bought 
for the same money. Such seems rarely to be the case. 

Any general statement on this subject can be challenged for 
cause. Nevertheless, I shall venture the following: 


(a) Instead of working to adopt cheap, common basic 
materials to accomplish a purpose or to devise a means of using 
that material for the purpose, the tendency is to go to materials 
which are rarer, or contain rare and costly ingredients or re- 
quire more, or more costly labor to fabricate. 

(b) There is a tendency to adopt a thing (continuous use 
of the term “gadget” may be upsetting to some readers) which 
has been separately invented and patented to the end that many 
advanced devices are largely complicated assemblies of many 
things, each of which demands separate royalties and other 
management and entreprenurial overhead. 

(c) The preceding tendency leads to devices which require 
a relatively large operating crew. 
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(d) Automatic devices are developed and adopted but their 
reliability is such that one, or more, stand-bys is always retained. 

(e) Possibility of failure is so real that specially trained 
maintenance crews must be available. 

(f) Construction is so intricate and special that repairs 
cannot be effected by a reasonably equipped shop and a stock 
of basic materials. Many costly, tailor-made spare parts must 
be carried on board and also in the logistic supply system. 


The results of such tendencies in research and development are, 
among others: 

(a) Existing ships must be radically changed for adoption 
of a new device and they become obsolete much faster because 
they reach the point where additional weight and added crew 
accomodations cannot be accepted. 

(b) New ships get bigger and bigger and require larger 
and larger crews. 

(c) Because of a combination of larger crews and rapid 
advance of standards of living, hotel accomodations become 
more difficult to install and may themselves force a secondary 
increase in the size of the ship. 

(d) The supply system becomes more and more com- 
plicated. A myriad of new items must be carried and technical 
store keeping gets more and more expensive. 

(e) Training and education of all. personnel becomes much 
more expensive and extensive. More time of personnel is spent 
in training with the result that the percentage, of those avail- 
able, which are available for operating billets is reduced 
markedly. There is even a possibility that, if the trend con- 
tinues, it will be difficult to find sufficient people with capacity 
to absorb the necessary training: 


It may be cited in rebuttal of this article that research and 
development in main propelling machinery has increased the 
efficiency so that greater speeds for longer hours with less fuel 
are now attained. True and truly praiseworthy, yet the total spent 
for fuel these days is only about one thirtieth as much as is being 
spent for pay and allowances of officers and enlisted men. 

This cannot be a constructive article in a specific way. The 
improvement which must be sought for can be found only by 
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ingenious research and development. First the need must be 
recognized and not only recognized but seen in its really true 
proportions. 

The Navy is essential to the continuation of the United 
States. I believe that to be true for as long as any living being 
continues to enjoy life and even though the United Nations is 
100 per cent successful. Maintenance of power short of war is 
a matter of negotiation which means compromise. Most compro- 
mises can be accepted but occasions will arise when neither party 
can conscientiously give in. When these situations develop war 
will be avoided only if one party is so strong and ready that 
common sense tells the other side to back down. I am not alone 
in the hope that the United States will always have a clear in- 
ternational conscience and to protect it will not have to resort to 
war or to surrender principles to expediency. 

Most of the people in the United States will probably agree to 
maintaining an adequate Navy. They really have to depend on 
the Navy itself to tell them what is adequate. They would prob- 
ably accept that if it wasn’t accompained by such a staggering 
bill when measured in dollars. Even a householder, in his rela- 
tively simple affairs, will give up something basic when the hand 
of the sheriff gets too close to his shoulder. 

We are in a state now where people are still disturbed by the 
recent war and are a little uncertain about demanding too much of 
a squeeze on naval appropriations. However, we can expect that 
from year to year the uncertainty will decrease and the size of 
taxes and of the national debt will become increasingly more 
important in their thinking than the need for naval appropriations. 
It will be ineffective to rant about “an ounce of prevention”, etc. 
Certainly a war will be expensive. It might break the national 
economy. But we have nothing but history to point to the 
probability of another war. We want to live today and not under 
the shadow of a straining Iederal Treasury. History proves 
more than the probability of another war. It points unerringly to 
the fact that each year the Navy can expect fewer operating 
dollars until a proveable bottom is reached or until the war’s 
threat is apparent to all. 

The Navy can.expect some relief from a more valuable dollar. 
What must be done is to make the relative gain of the Naval 
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dollar much greater than that of the commercial dollar. We must 
develop our concepts and our materials and our gadgets so that 
ships and airplanes are cheaper to buy, although: first cost is 
definitely of secondary importance. 

Of far greater importance, we must develop and design and 
procure airplanes and ships so that the numbers we require for 
implementation of reasonable strategic plans can be manned 
adequately with considerably fewer people who require less 
complicated training and they must be and remain operable with 
a far simpler and cheaper supply system. 

The goal of research and development must necessarily con- 
tinue to be to give this country the very best munitions. By “best’’ 
they must be capable of inflicting more damage on an enemy 
objective and of withstanding more punishment than the other 
fellows can. With that end attained as a first step, progress must 
not be stopped until the item has been improved to a maximum of 
simplicity, ruggedness, and reliability and to the point where it 
can be operated with full effectiveness with a minimum crew of 
moderately trained Americans. 

Research and Development have carried the Navy far and at 
that have just reached the frontier of advance. They must con- 
tinue forward but from now on must be able to point with pride 
to an accomplishment of protecting the Treasury concurrently 
with furnishing conventional naval security. i 
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GAS TURBINE PERFORMANCE CHARACTERISTICS, 
DESIGN CONSIDERATIONS, AND APPLICATIONS. 


By J. T. Rerraviata*. 


INTRODUCTION. 


Practically all present day gas turbines operate on a cycle 
wherein combustion occurs essentially at constant pressure in- 
stead of at constant volume, as in the case of the Holzwarth 
turbine. Those operating on the former cycle are referred to as 
combustion gas turbines. Of these, the majority are of the “open” 
cycle type where air is continuously taken in from the atmosphere 
and exhaust gases from the turbine are discharged back to the 
atmosphere. There are other gas turbine cycles in existence which 
are referred to as “closed” cycles because the working medium 
is not expelled from the system but, rather, is continuously re- 
circulated. 

Basic constituents of a combustion turbine unit are a gas tur- 
bine, compressor, combustion chamber, and fuel equipment. 
Supplementing these with a generator, lubrication system, control 
apparatus, and a means. for starting, completes a power plant 
significant primarily because of its lack of the veritable myriad of 
auxiliaries necessary for steam plant operation. Furthermore, 
since its working medium, air, is universally available and because 
water is not required in its operation, the basic gas turbine plant 
enjoys the added unique advantage of being independent of geo- 
graphical location. 

The arrangement of a modern combustion gas turbine unit is 
depicted in Fig. 1. Air from the atmosphere is compressed in a 
multi-stage axial flow compressor B, ‘riven by a reaction type gas 
turbine A. Liquid or gaseous fuel injected at C is burned with 
part of the air discharged from the compressor; the remaining 
and greater part flows through the annular space F and, upon 
emerging, mixes with and cools the products of combustion to a 
suitable turbine inlet temperature. Expansion of this gas to atmos- 


* Director, Department of Mechanical Engineering, Illinois Institute of Technology, 
Chicago, Illinois. 
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phere in the turbine produces more power than that required to 
effect compression of the air, and the excess power is supplied 
to a generator D. For starting purposes, a motor E is provided to 
bring the unit up to-approximately 25 per cent of normal running 
speed, beyond which the turbine is capable of driving the com- 
pressor unassisted. ; 

A speed.governor, regulating the fuel supply and thereby the 
turbine inlet temperature, affords the necessary control equipment. 
If a designated overspeed is exceeded, an emergency governor 
actuates a-valve, causing the gas to by-pass the turbine. Balance 
pistons are not required since the axial thrusts of the turbine and 
compressor, being equal and opposite in direction, are effectively 
neutralized through the solid coupling connection. A thrust bear- 
ing is provided, however, to absorb any slight axial unbalance that 
may exist. 


PERFORMANCE CHARACTERISTICS. 


Basic Cycle—The performance of a gas turbine unit depends, 
amongst other factors, upon the type of cycle adopted. The basic 
cycle shown in Fig. 1 is reproduced schematically in Fig, 2. The 
thermal efficiency of this cycle is given in Fig./3 as a function of 
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pressure ratio for various turbine inlet gas temperatures from 
800° F to 1600° F. The performance data presented in Figs. 3 and 
5 are based on a turbine efficiency of 86 per cent, a compressor 
efficiency of 84 per cent, a combustion efficiency of 98 per cent, 
a compressor intake temperature of 60 F., and mechanical losses 
of 0.5 per cent in the turbine and also in the compressor. 


REGENERATIVE CYCLE WITH REHEATING AND 


INTERCOOLING 
(CYCLE €) 
FUEL t 
AIR Te at 
4A 
NOMENCLATURE : pees 
T = TURBINE 
C = COMPRESSOR 
B = COMBUSTION CHAMBER 
R = REGENERATOR 


I = INTERCOOLER 
Fic. 4.—REGENERATIVE CYCLE WITH REHEATING AND INTERCOOLING. 
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In the cycle employing regeneration, Fig. 4, the heat ex- 
changer surface is 5 sq. ft, per coupling Hp., and the overall heat 
transfer coefficient from gas-to-air is 10 Btu. per hr. per sq. ft. 
per deg. F. The surface of the intercooler is 1.5 sq. ft. per cou- 
pling Hp., and an overall water-to-air coefficient of heat transfer 
of 20 Btu. per hr. per sq. ft. per deg. F. is taken. The perform- 
ance calculations for all of the cycles account for the pressure 


drops occurring in the various elements. ” 
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In all cases the thermal efficiency is defined as the ratio of the 
useful output at the coupling to the energy required from the fuel, 
each expressed in appropriate units. 

Referring to Fig. 3, it can be seen that the thermal efficiency 
improves with increasing gas temperature at the turbine inlet. It 
will also be noted that the higher temperatures require an increase 
in cycle pressure ratio in order to achieve maximum thermal 
efficiency. As will be observed later for all cycles, the efficiencies 
are enhanced by the use of elevated temperatures, and, similarly, 
such temperatures necessitate higher pressure ratios for optimum 
conditions to exist. 

Regenerative Cycle with Reheating and Intercooling—When all 
of these elements are used in a gas turbine cycle, best results in the 
way of thermal efficiency are obtained. A cycle employing such a 
combination is depicted in Fig. 4. The thermal efficiencies of the 
cycle at various temperatures and pressure ratios are given in 
Fig. 5. The added refinements of reheating and intercooling have 
resulted in flatter efficiency characteristics. 

Comparison of Cycles—The maximum efficiencies have been 
plotted in Fig. 6 as a function of temperature for various cycles 
so that a comparison can be readily made. In addition to the 
aforementioned cycles, the figure also includes three additional 
ones. The increase in thermal efficiency with higher turbine inlet 
temperatures is readily apparent. Because of such beneficial re- 
sults obtained with the use of elevated temperatures, there is a real 
incentive for metallurgical advances so as to develop superior 
alloys to operate in the upper regions of temperature. 

While all cycles improve with increased turbine inlet tempera- 
ture, it will be noted by comparing Cycles A and B that the single 
modification showing the greatest relative gain is the addition of 
the heat exchanger to the basic cycle. From this observation it 
can be concluded that the most obvious manner in which to im- 
prove fuel consumption is by employing a heat exchanger, as it is 
a comparatively inexpensive piece of equipment with relatively 
low maintenance. 

Reference to Fig. 6 will reveal that the rate of improvement 
occasioned by higher temperatures increases as additional elements 
are embodied in the cycle. Thus a given increment in temperature 
benefits the more complex cycles to a greater extent than the 
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others. For the conditions selected, reheating and intercooling 
each show about the same average gain when applied individually 
to the regenerative cycle. 

The Carnot efficiency, representing the maximum possible 
attainment of any cycle between given temperature limits, is also 
shown on Fig. 6. Notwithstanding all of the refinements incor- 
porated in Cycle E, it is still lacking to a considerable degree when 
compared with the ideal reversible Carnot cycle at a given tem- 
perature. 

In the foregoing cycles, it was intended to show the effect on 
performance of a change in the cycle by adding a single element 
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at a time, starting with the basic cycle. In each cycle where it is 
used, the regenerator has the same surface for a given output and 
the same coefficient of heat transmission, This also applies to the 
intercooler. Thus the various cycles are directly comparable when 
determining the effect of the respective elements, since correspond- 
ing components are based on the same conditions. 

In all cases it is the same size regenerator or intercooler, but in 
the more complex cycles the effectiveness is higher because of the 
reduced quantity of motive fluid being handled per unit output. 
Consequently, a smaller and less expensive heat exchange element 
may be used in one of the more elaborate cycles than in the 
simpler ones for the same efficiency. 

Specific Fuel Consumption—Fig. 7 shows the minimum specific 
fuel consumption, in lb. per bhphr., of Cycles A to E, inclusive, 
and of the Carnot cycle when oil is used as a fuel. It was obtained 
by converting the thermal efficiency curves of Fig. 6 to a specific 
fuel consumption basis, assuming the fuel-oil to-have a lower 
heating value of 17,800 Btu. per Ib. Reference. to the figure will 
reveal the obvious improveraent in performance resulting from the 
adoption of elevated temperatures. Above-1200° F. the specific 
fuel consumption of the more elaborate cycles is in the range of 
the diesel engine, while the tuel cost will be considerably less, due 
to the cheaper grade of fuel which the gas turbine is capable of 
utilizing. 

Fuel Costs—Also in Fig. 7 is given the fuel cost, in cents per 
bhphr., for a fuel oil having an A.P.I. gravity of 16, a cost of four 
cents per gallon, and a density of eight pounds per gallon. In the 
higher temperature regions the cycles employing regeneration and 
other means for increasing efficiency are attractive on a fuel cost 
basis, especially when compared with other prime movers using . 
liquid fuels. 

Optimum Pressure Ratio—Although the pressure ratio at which 
maximum efficiency occurs in a given cycle is not precisely a linear 
function of temperature, it may be approximated as such, as 
shown in Fig. 8. It can be seen that the greatest variation in 
optimum pressure ratio with temperature occurs in the basic cycle. 
Thus, to build such a cycle for maximum performance at elevated 
temperatures would necessitate many stages in the turbine and 
compressor. By adopting regeneration (Cycle B), these elements 
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can be simplified, due to the lower pressure ratio required, and 
higher efficiency can be achieved at a given temperature. Except 
in some special applications which may justify it, it is unlikely 
that the basic cycle would be constructed for peak performance at 
high temperatures. 

Reference to Fig. 8 reveals that the adoption of reheating or 
intercooling, individually or in combination, necessitates higher 
pressure ratios for the attainment of optimum conditions. Above 
a turbine inlet temperature of 1050° F., however, even with Cycle 
I, these pressure ratios are still less than the basic cycle requires. 
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Performance at partial load—In general, maximum thermal 
efficiency at partial load can be achieved by maintaining the tur- 
bine inlet temperature at a high value. Optimum conditions at 
reduced load ensue when the temperature is kept constant at the 
design value for all loads. In order to accomplish this in open 
cycles at reduced output, it is necessary to diminish the flow of 
the working substance, which requires variable compressor speed. 
Where the nature of the load is such that constant rotative speed 
is not necessary, then the variable flow requirement can be ful- 
filled even in cycles comprising only a single shaft with one tur- 
bine and one compressor, thereby making possible the attainment 
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of good partial load efficiencies. If the load is of a fixed speed 
type, such as an alternating current generator operating at con- 
stant frequency, in order to achieve variable flow a multiple turbine 
arrangement is necessary where one turbine drives the generator, 
and the other, the compressor. 

The relative thermal efficiencies of various gas turbine cycles 
are given in Fig. 9 as a function of load. It can be seen that the 
flattest characteristics are obtained in cycles ITI, VI, (1) and VII 
(2), where the turbine inlet temperature is maintained essentially 
constant at the normal design value at all loads. In order to 
accomplish this, it will be noted from the legend that variable 
speed operation is employed in the open cycles. The greatest 
variation in thermal efficiency is experienced in cycles I and II, 
where the single shaft, constant speed arrangement necessitates 
the adoption of reduced temperatures at light loads with resulting 
lower efficiency under these conditions. 

The partial load characteristics of the basic cycle I can be im- 
proved by using two shafts, as indicated by cycle IV. In the latter 
arrangement the variable flow feature permits higher temperatures 
to be used in the light load region. It will be noted that the legend 
signifies variable temperature operation for cycle IV. It is so 
designated since there is a slight decrease in temperature with 
diminishing output, but the temperature will still be maintained 
at higher values than in the case of the single shaft arrangement 
of cycle I. A similar demonstration. ofthe beneficial effect of 
multiple shafts can be obtained by comparing the regenerative 
cycles II and V. The sustained higher temperatures at reduced 
load, possible with cycle V, yield a flatter efficiency characteristic. 

From Fig. 9 it can be seen that the closed\cycle. VII possesses 
the most desirable light load performance. This is one of the 
advantages of closed systems, and is produced by.a type of con- 
trol whereby the quantity of the motive fluid circulating through 
the circuit is varied. Thus, the temperatures, velocities, pressure 
ratios, and directions of flow remain essentially identical at all 
loads even though the pressure level of the cycle varies. The 
component parts of the cycle are, therefore, operating approxi- 
mately at their normal design conditions under all outputs, so that 
the efficiency is maintained at a high value even at light loads. 
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DeEsIGN CONSIDERATIONS. 


As has been previously observed, the performance of gas tur- 
bines improves with the use of elevated temperatures. Con- 
sequently, the necessity for adopting suitable materials to 
withstand high temperature service is manifest. Progress in the 
gas turbine field will always be contingent upon metallurgical 
advances, and real incentives exist for the development of alloys 
capable of operating at extreme temperature limits. 

In steam turbine practice, various properties of the materials 
employed have been used as a basis for design. In particular, the 
ultimate, yield, and creep strength values have been found useful 
in determining the proportions of structures having “ suitable 
factors of safety based on these properties. In gas turbine design, 
however, where higher temperatures are usually encountered, the 
most informative property of the materials, from a design stand- 
point, is the stress-rupture value. It is more significant than 
ultimate strength as it involves the element of time to a much 
greater extent. 

The test for ultimate strength is a short-time tensile test at 
constant temperature where failure occurs in a matter of minutes. 
If a sustained lighter load had been applied, a longer time would 
have been required for failure of the specimen. Therefore, if a 
succession of diminishing static breaking loads is applied to a 
group of specimens at a constant temperature, respective failures 
will take place at correspondingly increasing time intervals. A 
test of this nature is referred to as the stress-rupture type. The 
stresses at which rupture occurs are usually plotted as ordinates 
against the times for rupture as abscissae on log-log coordinates, 
and a linear relationship is generally found to exist for most 
alloys. In the majority of cases, tests of this nature are usually 
conducted for a period of about 1000 hr., and the linear relation- 
ship feature affords a ready means for extrapolation to longer 
time intervals. This latter operation should be pursued with 
caution, however, as erroneous predictions can result, especially 
if the material is susceptible to oxidation. 

A conception of some representative stress-rupture values at 
1200° F to 1500° F may be obtained from Fig. 10, where alloys 
16-25-6 (3), S-590 (4), and 422-19 (5). have been selected at 
randora for illustrative purposes; Amongst others, these three 
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Taste I. 
Hic TEMPERATURE MATERIALS FOR GAS. TURBINES. 
Element Material 

16-25-6 S-590 422-19 
C 0.06 0.49 0.45 
Si 0.85 0.21 
Mn 1.54 0.60 
N 0.07 
Cr 16.55 19.50 28.00 
Ni 25.20 19.78 16.00 
Mo . 6.46 3.95 6.00 
Co 19.35 Bal. 
W 4.15 
Cb 4.04 


materials show good high temperature properties and their composi- 
tions are given in Table ‘I. Alloys 16-25-6 and S-590 are of the 
forged type, and 422-19 is precision cast. It can be seen that the 
cast alloy shows superior properties at high temperatures. The 
forged 16-25-6 alloy has been used in very large quantities for super- 
charger and jet propulsion gas turbine disks where temperatures 
are in the 1200° F. range. It has very good stress-rupture proper- 
ties at'such temperatures. For gas turbine disks operating in the 
vicinity of 1500° F, some of the more recently developed forged 
alloys, such as S-590 or S-816, show good characteristics, It will 
be noted that the relative difference between S-590 and 16-25-6 at 
1200° F.isless than at 1500° F. For smaller parts, such as blading, 
which adapt themselves to the size limitations of the precision 
casting process, the cast alloys lend themselves to ready adoption 
and show good strength at high temperatures, as can be seen from 
the figure. 

Reference to Fig. 10 will show that the higher the temperature, 
the more rapidly the material loses strength. Thus, the designer 
must take cognizance of the time factor involved when selecting 
or specifying materials. In steam turbine design where sub- 
stantially lower temperatures are involved, the time element is not 
of as much significance as far as rate of loss of strength is con- 
eerned. In gas turbines, however, where elevated temperatures 
are necessary, the length of operating period must be considered. 
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STRESS — RUPTURE DATA FOR 16-25-6, S-590 
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Therefore, in order to obtain a comprehensive representation 
of all of the factors involved in the design of a high temperature 
gas turbine, it is necessary to consider simultaneously: (1) the 
desired service life of the equipment, (2) the temperature at which 
it will operate, (3) the allowable deformation of the respective 
parts, and (4) the appropriate stress. 

Knowing the time and temperature factors involved, a design 
could be based on the total allowable deformation of the respective 
elements of the equipment occurring in the time interval. The 
permissible stress would then be the one that resulted in the 
prescribed deformation in the time allotted and at the specified 
temperature for a given material. If the deformation is put on a 
relative basis, it is referred to as strain, and is stated in terms of 
per cent. It can be determined from the initial deformation under 
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load and the secondary creep rate. In the design of a unit intended 
for long service life, it would be well to limit the maximum total 
strain to 1 per cent. This-is particularly applicable to the high 
temperature materials which would be used in gas turbine: con- 
struction. It is known that the ductility decreases with time and, 
in general, tests have not been performed much beyond 1000 hr. 
on these materials, so for conservative design, the total deforma- 
tion should be restricted to a low value so as to preclude the 
possibility of failure due to poor ductility. 

Another basis of design is to use stress-rupture values with a 
suitable factor of safety incorporated. A satisfactory design of 
a long-life unit, for instance, a service life of 10 years, could 
employ average stresses of one-half of the rupture value at 
10,000 hr. for the particular temperature involved. This would be 
a more conservative basis than limiting the deformation to 1 per 
cent total strain. In aircraft applications, where weight and space 
are at a premium, limited service life is accepted and higher 
stresses are used. On this basis, some aircraft gas turbines have 
been designed with a factor of safety of 1, based on the stress- 
rupture value at several hundred hours. 

Actually the above two bases of design could be considered 
equivalent. The allowable total strain could be determined as that 
produced by a rupture stress at a given time corrected for an 
appropriate factor of safety. Conversely, an allowable stress, 
based on a rupture value incorporating a safety factor, could be 
selected so as to result in an acceptable total strain. In actual 
design practice, however, using the latter or rupture basis with a 
safety factor appears to be the most direct and readily applied 
procedure. Nevertheless, it should be remembered that both 
methods will produce the same result if they are mutually appro- 
priately related. 

From a design standpoint other properties such as creep, 
fatigue, ductility, damping capacity, oxidation, and corrosion, etc., 
should also be given consideration, but they are of secondary im- 
portance to stress-rupture. 


APPLICATIONS. 


Various present day applications of the gas turbine, indicating 
the practicability of this type of equipment, have furthered its 
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emergence from.a realm of academic interest to one of reality. 
The many advantages of the gas turbine make it a natural aspirant 
for numerous applications in land, marine, rail, and aircraft fields, 
and these will be dealt with individually below. 

Land—The combustion gas turbine in the United States. has 
had its principal commercial application in the oil refinery indus- 
try, where it operates in conjunction with the Houdry process (6). 
A typical installation view of such an application employing a 
60,000 cfm. unit is shown in Fig, 11, wherein, from left to right, 
may be seen the gas turbine, axial compressor, reduction gear, 
generator, and a steam turbine for: starting purposes, In this 
application, due to the pressure drop encountered in the process, 
the energy supplied to the generator is less than if the unit were 
used primarily, for purposes of power production. 

The first unit of this.type has been in service since eceiihek. 
1936. At present 28 of the Houdry gas turbines are in operation 
in this country. Of these, 6 were built by Brown-Boveri and 22 
by. Allis-Chalmers. The latter company. has also built 10 addi- 
tional units for installation in Europe. 

A 4000 Kw. electric generating unit (7), built by Brown-Boveri, 
has been installed in an underground emergency standby. power 
station in the City of Neuchatel, Switzerland. Since,early in 1940 
this unit has. been operating for certain. periods every week. Its 
simplicity and, independence of water. facilities ideally adapt the 
gas turbine to this class of service. .Recently. published tests in- 
dicate a coupling thermal efficiency of 18.04 per cent for: this unit 
when operating on a non-regenerative cycle with: a. turbine. inlet 
temperature of 1000 F, Regeneration was not adopted since it 
could not be economically justified because of the anticipated in- 
termittent operation associated with this particular, installation. 
This is the first unit designed for the primary, purpose of, pro- 
ducing power, 

Brown-Boveri have also built a 10,000: Kw. gas. turbine-electric 
generating unit intended as a standby set for the Filaret plant’ of 
Bucharest, Rumania... The. machine, consists...of .a, two-shaft 
arrangement employing reheating and,intercooling, but due to. the 
standby nature of the service,.no regenerator will. be, used, Tests 
on the unit showed.a thermal efficiency of 23 per. cent at. full load, 
based on. the. lower, heating, value of the fuel... With a turbine inlet 
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temperature of 1112° F. and inlet air of 68° F., a maximum load 
of 12,000 Kw. was maintained. 

Marine—The use of the gas turbine for marine service is one 
of the natural applications whereby its many advantages can be 
employed with benefit. The small space and weight characteristics 
of the gas turbine are particularly desirable for naval and mari- 
time duty. The reversing operation when employing this type of 
unit aboard ship could be facilitated by the use of electric drive or 
a variable pitch propeller, thus eliminating the necessity of pro- 
viding a separate astern turbine. Astern operation with gear drive 
is a more acute procedure in the case of the gas turbine since, 
unlike the steam turbine, it normally exhausts at atmospheric 
pressure, thereby requiring a separate vacuum system to provide 
a low density atmosphere in which to rotate the astern and ahead 
turbines during forward and reverse operation, respectively, so as 
to prevent prohibitive windage losses. 

Prior to World War II, the Bureau of Ships of the U. S. Navy, 
recognizing the potentialities of the gas turbine, contracted with 
Allis-Chalmers to construct a plant designed for a temperature of 
1500° F. and an output of 3500 Hp. This unit (8), the largest 
stationary gas turbine for this temperature in the world, is shown 
in Fig. 12 on the test floor of the U. S. Naval Engineering Experi- 
ment Station at Annapolis, Md. As of this date, it has successfully 
completed its tests at temperatures up to and including 1450° F 
the highest operating temperature ever attained in a prime mover 
of this size. The next series of tests will be performed at the 
design temperature of 1500° F. 

The cycle on which the unit operates consists of an axial-flow 
compressor driven by a turbine, while a separate turbine, arranged 
in parallel, furnishes the useful output. The air from the com- 
pressor enters the regenerator where it is preheated by the com- 
bined exhaust gas from both turbines. It next passes to ‘two 
combustion chambers which furnish the high temperature motive 
fluid to the turbines. 

The Elliott Company, under the spiiihocdtig of the Bureau of 
Ships, manufactured a 2500 Hp. marine gas turbine plant (1). 
The unit is designed for a turbine temperature of 1200° F. A novel 
feature is the use of a Lysholm positive displacement type of 
compressor which has the advantage of a flat efficiency charac- 
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teristic, although its peak efficiency is not as high as that of the 
axial compressor. 

The regenerative cycle with reheating and intercooling func- 
tions as follows: Atmospheric air enters the low-pressure com- 
pressor, from which it is discharged to the intercooler where its 
temperature is reduced. After next traversing the high-pressure: 
compressor, it passes through the regenerator where it absorbs 
heat from the turbine exhaust gas. Fuel is burned with the heated 
air in a combustion chamber, and the resulting high temperature 
gas drives the high-pressure turbine which furnishes power to the 
low-pressure compressor. The exhaust gas from the high-pressure 
turbine, still containing adequate oxygen to support combustion, : 
has its temperature increased by the burning of additional! fuel:in 
another combustion chamber. The ensuing products of combus-: 
tion, at a temperature approximately the same as that at the inlet 
to the high-pressure turbine, propel the low-pressure turbine, 
which has the dual function of driving the low-pressure com- 
pressor and also furnishing the useful shaft output. The exhaust. 
gas from the low-pressure turbine, after disposing of heat in the 
regenerator, is discharged to the atmosphere. 

Based on the lower heating value of 'the fuel, tests on the plant 
showed coupling thermal efficiencies of approximately 29, 28, 26, 
and 20 per cent at full, 34, %4, and %4 load, respectively. 

Rail—In all probability the most desirable application of the 
gas turbine is in the heavy traction field. When used as a locomo- 
tive drive, its many advantageous characteristics place it in an 
exceptionally favorable position when compared with conven- 
tional types: When operating on a regenerative cycle at 1300° F., 
a rail thermal efficiency of 17 per cent is readily attainable with 
the gas turbine. Even with liquid fuel, due to the low grade type 
that it can use, fuel costs for the gas turbine would be lower than 
for the majority of conventional steam locomotives burning coal, 
and at least equivalent to the best where an efficiency of 9 per 
cent is rarely exceeded. It would also have lower fuel costs than 
the Diesel locomotive whose better thermal efficiency is offset by 
the higher grade fuel which it uses. When coal fuel is used in the 
gas turbine cycle, the comparison becomes. even.more. favorable. 

In 1941, Brown-Boveri. completed a 2200 Hp. gas turbine- 
electric locomotive (9) for the Swiss Federal Railways. A shop 
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view of the gas turbine power plant is shown in Fig. 13. From 
left to right may be seen the 200 Kw. auxiliary DC generator, 
main DC generator, reduction gear, regenerator, gas turbine, and 
vertical combustion chamber. The locomotive has a maximum 
specific service weight, including fuel, of 92 lb. per bhp. Its 
maximum ‘speed is 70 mph. The tractive effort at starting is 
29,000 Ib. Acceptance tests of the power plant showed a maximum 
coupling thermal efficiency at %4 load of 18 per cent based on the 
lower heating value of the fuel. 

The Locomotive Development Committee (10) is now engaged 
in a research program which embraces the greatest potentialities 
regarding the application of the gas turbine as a railway power 
plant. This committee was formed as an agency of Bituminous 
Coal Research, Inc. in the latter part of 1944. The committee is 
composed of the chief executives of six leading coal-hauling rail- 
roads and three major coal companies. It was established for the 
purpose of developing a bituminous coal-burning locomotive which 
could compare favorably with the diesel locomotive. In the 
fulfillment of this aim the gas turbine has been selected as the 
prime mover which best adapts itself to the requirements involved. 

The proposed arrangement of the equipment to be used on the 
coal-burning gas turbine locomotive is depicted schematically in 
Fig. 14. The coal is fed from bunker A, by means of a motor- 
operated screw, to crusher D where its size will be reduced to -16 
mesh. Turbine exhaust gas will be used for drying the coal, By, 
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means of fan E the coal is conveyed to pressure tanks F and H 
after it is crushed, The twin-tank system of coal storage ‘is 
necessary due to the different pressure levels in the cycle.) While 
one tank is being replenished, it is isolated by means of valves 
from the high pressure circuit, and coal is used from the other 
tank under full pressure. 

For instance, when tank F was being filled, valves 1 and 2 
would be open and 3, closed. The tank would then be under the 
low pressure existing in the conveying system. The crushed coal 
mixed with its conveying air enters the tank where an internal 
cyclone separates the cval from the air, the latter being vented. 
After tank F is filled and tank H exhausted, valves 1; 2; and 6 
are closed and valves 3, 4, and 5 opened, whereupon the full 
pressure required for pulverizing exists in tank F. 

The air compressor C2 will produce a pressure of approximately 
110 psig maximum required for pulverization. The intake’ will be 
connected with the discharge of the main compressor ‘C;, and a 
variable speed drive of C2 will permit independent pressure rela- 
tionships. After the crushed coal from tanks F or H is picked up 
by the high-pressure air, it is led to the inlet of the pulverizer J. 
This latter device was developed at the Institute of Gas Tech- 
nology, of the Illinois Institute of Technology in Chicago, and 
was used to produce finely pulverized’ coal’ for’ gasification. It 
consists of a nozzle through which the compressed air, laden with 
crushed coal, is expanded toa pressure essentially equivalent to 
that at the turbine inlet, which will be approximately 60: psig at 
full load. Due to the sudden release of pressure occasioned ‘by the 
rapid expansion, the air which had permeated the pores of ‘the 
coal explodes, resulting in very, complete pulverization.. With 
proper design, a product as fine as 80 to 90 per cent of —-325 mesh 
and 5 per cent or less of +100 mesh is obtainable with an. air 
consumption of approximately one Ib. per Ib. of coal. Due to-its 
extremely small size and effective pulverization, the adoption of 
this device appears to be the logical procedure for applications 
where space is at a premium, as in the case of locomotives. 

The pulverized coal and primary air next enter, combustion 
chamber B where they mix with the preheated air from the. re- 
gerierator. ‘The combustion chamber will comprise an inner shell, 
where burning’ will occur with about 40’ per ‘cent excess air, ‘sur- 
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rounded by an annular space through which flows the diluent air. 
 After'mixture, the temperature of the gas entering the turbine will 
be 1300 F. Since the products leaving the combustion chamber 
contain fly ash, which would seriously erode: the turbine blading, 
it is necessary to introduce an ash separator K. This device will 
consist of a series of Aerotec tubes which remove about 90 per 
cent of the entrained fly ash, operating on a cyclone principle. 
The remaining equipment of Fig. 14 is the gas turbine power 
plant. operating ona regenerative cycle of a type previously 
described. Since an electric transmission. will be used on the 
locomotive, the gas turbine unit drives.a direct.current generator 
G through a reduction gear S. The full load thermal efficiency of 
the power plant will be 24 per cent referred to the input to the 
gear and based on. the lower heating value of the fuel. 
In fulfillment of the research program of the Locomotive De- 
velopment Committee, two. gas turbine power plants have been 
ordered and are in the process of construction. Both of the. units 
operate onthe cycle depicted in Fig, 14, One plant is being built 
_by Allis-Chalmers and consists of'.a 6 stage reaction turbine 
driving a 20 stage axial flow compressor. Elliott is supplying the 
other which comprises a 4 stage reaction turbine driving a 2 stage 
centrifugal compressor. Locomotives. with,these power. plants 
installed will probably be,on the rails within a two-year period. 
In 1939 Allis-Chalmers conducted an engineering study (11) of 
the combustion-gas turbine as a locomotive drive employing liquid 
fuels only. Consideration was given to four different gas-turbine 
locomotives including (a) a 5000 Hp. unit with hydromechanical 
transmission, driven by two separate power turbines, each receiv- 
‘ing motive fluid from its)main gas turbine-axial compressor set ; 
(b) a 5000 Hp. unit with hydromechanical transmission, driven 
directly by two main gas turbine-axial compressor sets; (c) a 
4500 Hp. unit with electrical transmission, driven directly by two 
main gas turbine-axial compressor-electric generator sets; and (d) 
a 2250 Hp. unit with electrical transmission, driven directly by a 
single main gas turbine-axial compressor-electric generator set. 
A heat exchanger was also incorporated in the latter design. 
Fig. 15 shows a section through the 5000. Hp. locomotive with 
hydraulic transmission mentioned under (a) above. This locomo- 
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tive has a specific weight of 112 Ib. per rail Hp. and is capable of 
speeds up to 120 mph. 

An additional study (12) was made in 1944 of a gas turbine 
locomotive design having a conventional direct current electric 
transmission. 

The road locomotive design which was evolved from the second 
study is of 4800 Hp. capacity, being powered by two duplicate 
2400-Hp. gas turbines, each driving, through a reduction gear, 
direct-current main and auxiliary electric generators. The main 
generator is connected to traction motors furnishing power to 
the axles. 

Fig. 16 shows a section through the proposed 4800-Hp. locomo- 
tive. The overall length is 90 ft., and the distance between bolster 
centers is 58 ft. 4 in. The two 3-axle-trucks with 16-ft. wheel 
base have 52-in. diameter driving wheels, and each axle is powered 
by a nose-hung direct-current traction motor, When compared 
with conventional steam-locomotive wheel arrangements, it is 
expected that the two-truck design with provisions for proper 
lateral axle motion and elimination of the reciprocating motion of 
pistons and side rods will result in reduced track maintenance. 

Aircraft—Vast numbers of high speed, light weight gas turbines 
were manufactured during the war and used in aircraft turbo- 
superchargers. These units operating at 24,000 Rpm. with a tur- 
bine inlet gas temperature of 1600° F. were designed and built by 
General Electric. Under license arrangement they were also 
manufactured by Allis-Chalmers and the Ford Motor Company. 
The combined production of the three companies totaled many 
millions of horsepower. These units were used on such aircraft 
as the B-17 (Flying Fortress), the B-24 (Liberator), the B-29 
(Super Fortress), and the P-38 (Lightning). — 

All three of the large turbine builders in this country have been 
engaged in the design and manufacture of aircraft jet propulsion 
units. Allis-Chalmers, while having several designs of their own 
which have not yet reached the manufacturing stage, built jet 
propulsion units during the war according to the designs of the 
de Havilland Engine Co., Ltd., of England. This design employs 
a single stage centrifugal compressor, with single-sided entry of 
air, driven by a single stage turbine. The unit develops a static 
sea level thrust of 3000-1b. when rotating at 10,500 Rpm. with a 
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turbine inlet temperature of 1500° F. The complete weight with all 
auxiliaries is 1500 Ib., resulting in a specific weight of 0.5 lb. per 
Ib. static thrust. The fuel consumption is approximately 1.2 Ib. 
per hr. per lb. static thrust. The maximum overall diameter is 
50 inches. 

The General Electric Company originally built jet propulsion 
engines according to British designs, but later developed a unit 
of higher rating known as the I-40. This unit, while retaining 
some of the features of the prototype designs, has a sea level 
static thrust rating of 4000 Ib. at a rotative speed of 11,500 Rpm. 
and a turbine inlet gas temperature of approximately 1500° F. 
The specific fuel consumption under these conditions is about 1.2 
Ib. per hr. per Ib. static thrust. The average specific weight of the 
unit is about 0.45 Ib, per lb. static thrust. The engine has a single 
stage centrifugal compressor, with air entry on both sides of the 
impeller, driven by a single stage gas turbine. The maximum 
overall diameter is 48 inches. The double-entry feature has the 
advantage of reducing the overall diameter of the unit, although 
it complicates inlet flow conditions on the rear side of the impeller. 

General Electric also has a pure jet engine design, designated 
as TG-180, employing an axial flow compressor. Another unit, 
the TG-100, is a propeller-jet combination again with a com- 
pressor element of the axial flow type. The axial flow compressor 
has the advantage of higher efficiency and smaller diameter, the 
latter resulting in reduced drag of the airplane. 

The Westinghouse Electric Corporation has designed and built 
their X19XB-2B jet propulsion engine employing a 10 stage axial 
compressor driven by a single stage turbine. The unit produces a 
static sea level thrust of 1600 Ib. when rotating at 17,000 Rpm. 
witha maximum turbine inlet temperature of 1500° F. The specific 
weight is 0.45 lb. per Ib. static thrust. The diameter is 19 inches. 
The fuel consumption is 1.15 lb. per hr. per Ib. static thrust. . 
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CONSIDERATIONS DETERMINING THE SIZE AND 
THICKNESS OF MAIN STEAM PIPING 
FOR NAVAL, VESSELS. 


By RupotPH MicHEL, MEMBER: 


Main steam piping systems for naval vessels must, in general, 
be fitted into more restricted spaces than is the case for central 
station power plants. The use of high steam temperatures will 
cause thermal expansion stresses to be high unless provision is 
made for absorbing the expansion in pipe bends or expansion 
joints. If in..addition the system is designed. for, high steam 
pressures, relatively, thick and, inflexible pipes will result. In 
order to produce a piping system which represents the optimum 
in overall economy, the designing engineer must consider the 
following : 

(a) Materials suitable for the steam temperature used. 

(b) Allowable steam pressure and expansion stresses, as well 

as reaction forces. 

(c) Allowable steam pressure drop through the piping. 

(d) Erosion and noise caused by steam flow. 

(e) Weight of the piping. 


Considerable research has been done in the last decade on 
materials suitable for high steam temperatures, and it is not 
within the scope of this paper to discuss these in detail, but 
merely to enumerate the properties desirable in materials used 
for main steam piping service. 

Main steam piping is occasionally subjected to vibrations 
excited by the propeller or some other source. In general, 
suitable means, such as the application of dampers, may be pro- 
vided for reducing vibration amplitudes to negligible amounts. 
Shock loads affect mainly the stresses at the anchorage points, 
and the internal effects of transient vibrations excited by impact 
are neglected. Furthermore, the piping system is subjected to 
cyclic changes due to starting up and securing. During the aver- 
age life of a destroyer, for example, this cycle will not be repeated 
more than 4000 times. If the piping is not subjected to thermal 
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shock, caused for example by rapid cooling due to a slug of water 
being carried over from the boiler, the stresses within the pipe 
result from steam pressure and expansion and are due to static 
loading. Fatigue failure, due to cyclic repetitions of load of the 
order of 1,000,000 or more cycles, have not been known to occur 
in main steam piping systems of naval vessels. 

When a machine element is statically loaded at elevated tem- 
peratures; the properties of materials sought are high rupture 
strength, a*high modulus of elasticity, good ductility and good 
creep resistance. The concepts of creep and rupture strengths 
are relatively new compared to those of the other properties - 
mentioned, 

The property of rupture strength,.or, stress required to cause 
rupture after a specified number of hours of loading at a given 
temperature is of great importance in high temperature piping 
design. Laboratory tests have shown that when a ferrous metal 
is subjected to a static load at elevated temperature, the material 
may fail suddenly, without necking down, if the stress exceeds 
a particular value which is dependent upon the temperature. 
The metal increases in size in the directions of the ténsile stresses 
and for some applications this growth, or creep, must be kept 
within limits for purposes of maintaining minimum clearances, 
Rupture strength is spoken of as 500.hour, 10,000 hour, etc., 
rupture strength and decreases with increase in temperature as 
shown in Figure 1. 

Creep stress is defined as the stress which causes a specified 
growth in a specified time at a particular temperature. Since 
in piping design we are in general not concerned whether a pipe 
inereases slightly in diameter or length over a period of years, 
we are not primarily concerned with creep strength. There is a 
cortelation between rupture and creep strength however, and 
materials having good rupture strength have a high resistance 
to creep, We thus have the phenomenon of a statically loaded 
material at elevated, temperature changing its dimensions con- 
tinually. This is in contrast’to*the’ same material subjected to 
the same stress at room temperature under which condition it 
returns to its original dimensions after removal of load provided 
the proportional limit has not been exceeded. 

Figure 2 gives values of creep, rupture strength and yield 
strength of a steel which is well adapted for 1000°F. service. 
It should not be overlooked that ductility at operating tempera- 
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ture is an important property of piping material, since it allows 
adjustments to take place within the metal which minimize the 
effects of high localized stresses. 

The following principal stresses exist in a three-dimensional 
piping system fixed at the ends as shown in Figure 3 and sub- 
jected to steam pressure. 


(a) Transverse or hoop stress due to internal steam pressure. 
This’stress is always tensile. For pipes having a thickness 
less than one-tenth of the inside diaineter and operating 
wholly if the elastic range, it is given by: 


Sh aad Re 
where 
S, = hoopsstress, psi. 
p = steam pressure in pipe, psi. 
t = thickness, inches 


d = inside diameter, inches. 


This formula assumes a’ uniform transverse stress over the 
cross-sectional area of the pipe as shown in Figure 4. For 
thick pipes operating in the elastic range, the maximum 
hoop stress is at the inner surface of the pipe and is given 
by Lame’s formula as follows: 


s, = 2 (ry? + 1’) 
a af rs 2 


~~ 
where 
5 tr; = internal diameter, inches 
r, = external diameter, inches 
p. = steam-pressure, psi. 
The American Standards Association has adopted (1942) the 


following formula for determination of pipe thickness, in which 
the hoop stress appears as a nominal and not an actual value: 


pd 


m= 95 tC 
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where 
tm = Minimum pipe wall thickness, inches 
p = maximum internal service pressure, psi. 
d = outside diameter of pipe, 'inches 
S = nominal stress in material’ due to internal pressure, 


psi. 


C = allowance for threading, mechanical strength and 
corrosion. 


(b) Longitudinal stress due to steam pressure as shown in 
Figure 5. This has a value equal to half the hoop stress, 


pd 
9 SEP Fhipge 








(c) 


(d) 


(e) 
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or 


_ Pn’ + 12') 
+ (rQ” = 1") 


Sip 


It is always a tensile stress. 


Longitudinal stress due to pipe weight. 

In a well supported pipe line, this stress is small and is 
usually neglected. Usual formulae for beam stresses (bend- 
ing) may be employed. 

Longitudinal stress due to direct thrust. This has the 
value, 


PF kO 


where 


Q = thrust load, Ibs. 

A = pipe cross-sectional area, in.” 
This stress is of minor importance and is usually neglected 
in three-dimensional systems. 


Shearing stress due to torsional moment. It is obvious 
from Figure 3 that any increase in the pipe length A B, 
due to thermal expansion, will cause a torsional moment 
and stress in the pipe length C D. Likewise an increase 
in the length of C D will cause a torsional stress in A B. 
This stress has the value: 


32 M, fr 
T (r2* 4 r) 


Ss, = 
where 


S, = shearing stress, psi. 
M, = torsional moment, inch pounds 
r, = outer pipe radius, inches 


ty = inner pipe radius, inches 
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(f) Longitudinal bending stress in a pipe bend. Consider the 





plain right angle pipe bend ACB of Figure 6, anchored at 
the ends and subjected to temperature stresses. After 
expansion, the pipe takes the shape ADB, and the pipe 
is subjected to reaction forces and bending moments as 
shown. Figure 7 shows an enlargement of portion D of 
Figure 6, with the tensile stresses at the outer fiber and 
compressive stresses at the concave or inner fiber. The 
resultants of the forces causing these stresses are directed 
toward the center of the pipe as shown, and thus flatten 
the pipe cross section as illustrated in the sectional view 
of Figure 7. The net results are, (a), the pipe becomes 
more flexible than it would be if the cross section remained 
round, (b), the longitudinal bending stress at the outer 
fiber is less than indicated by usual beam theory, and (c), 
the maximum longitudinal bending stress (see Figure 8) 
occurs between the neutral axis ‘and the outer fiber and 
is calculated by the following relations: 


M 
Siz = 6 Mr 
I 
where 
ac 6h? + 5 
B 3K my ts 
h = bo 


r 


Sig = maximum value of longitudinal bending 
stress, psi. 


M_ = bending moment, inch pounds 


r= mean pipe radius, inches 
I = moment of inertia of cross.section of pipe 
before flattening, (inches)* 
1 + 12h’? 
i «os 
10 + 12h 


t = pipe thickness, inches 


R_ = radius of pipe bend at centerline, inches. 
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The flattening of the pipe at a bend also causes transverse 
bending stresses which vary over the cross section as shown in 
Figure 9. The transverse bending stress is fortunately highly 
localized and does not extend over a large length of the pipe 
bend. In systems designed for not over 600 psi. pressure and 
850°F. these stresses have been ignored when computing total 
combined stress. As pressures are increased and pipes become 
thicker, the transverse bending stress may, reach values so high 
that these stresses exceed the rupture-strength.of the material 
even after considerable plastic deformation and yieldifig~has 
taken place, Transverse bending stress should therefore be care- 
fully considered when temperatures and pressures of high order 
of magnitude are used. A material with good duetility and 
relaxation properties at the operating temperature is particularly 
desirable. Transverse bending stress is given by: 

2 


2 
18 Mr,h (1 as +) 





te Ah ° 
where 
M = bending moment, inch pounds 
To = outer radius, inches 
3 
ro 
R = mean.radius of bend, inches 


I 


y = 0or ro for maximum value of Sre~ 


moment. of inertia;-inches* 


Graphical, analytical and experimental methods are in use for 
determining the moments acting on a piping system. For a pipe 
which lies wholly in one plane, analytical methods are relatively 
simple. For three dimensional systems, analytical and graphical 
methods become laborious and certain agencies are equipped to 
make models of the system. After impressing the computed dis- 
placements, due to thermal expansion, on the system, the reaction 
forces are measured on spring balances and the moments may - 
then be computed easily. The reader is referred to the bibliography 
for methods of determining bending and torsional moments. 
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From the above considerations it is apparent that for a par- 
ticular layout, the stresses occurring in the piping system are 
dependent largely upon pipe size and thickness, steam pressure, 
and expansion. Longitudinal and transverse bending stresses 
are both affected by pipe thickness. The pipe thickness must 
be such that the total combined stress will not exceed allowable 
limits. The A.S.M.E. Piping Code and the American Standards 
Association have set up values of hoop stress to be used for 
various materials at different temperatures. These are adequate 
for the lower temperature range, but for values of temp~. ature 
at or near 1000°F. result in pipe thicknesses that could not be 
tolerated under the restricted conditions prevailing on naval 
vessels. It will be found that it is not desirable to select a mate- 
rial for operating temperatures in the range 850°-1000°F. which 
will necessitate the use of hoop stresses below 5000 psi. and in 
general higher hoop stresses are desirable. 

Regarding a criterion of failure, we are guided to some extent 
by considerations similar to those prevailing in other statically 
loaded structures. For example, a structural beam is not con- 
sidered to have failed when highly localized stresses exceed the 
yield point, since the beam as a whole still retains its elasticity. 
In like manner, we seek a method of combining the component 
stresses that will give a combined stress which is indicative of 
the yielding of the pipe as a whole at the operating temperature. 
Two theories of failure are applicable, viz., the Henckey-von 
Mises or strain-energy theory and the maximum shear theory 
(Coulomb-Guest). 

If failure is associated with yielding, the strain energy theory 
applies in accordance with the following formula: 





S 


/3 S? — SpSp+2S:2 


where 


S = combined stress indicative of yielding of pipe as a 
whole, psi. 


shear stress due to torsion, psi. 


f 
i 


S, = sum of longitudinal pressure and bending stresses, 
psi. 


S, = hoop stress, psi. 
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This formula predicts yielding of the whole pipe more accurately 
than that based on the maximum shear theory. 

If the pipe is given 50 per cent cold:springing, the computed 
combined. stress will not be attained in ‘either the hot or cold 
condition, even’ though the system is! designed to be stressed up 
to the yield point. Cold springing therefore introduces a factor 
of safety for the maximum stress attained by introducing bending 
stresses of reversed sign when cold. 

If the rupture strength of the material at operating tempera- 
ture for the accepted life is less than the yield strength, it will 
of course fail by rupture before the pipe as a whole yields. If 
yielding of the pipe as a whole is taken as the criterion of failure, 
the maximum usable temperature is indicated by the point at 
which the rupture strength and yield strength curves intersect, 
as at point A, Figure 2. If itis desired to utilize a given material 
above this temperature, rupture strength will be the criterion of 
failure and the maximum shear theory advanced. by Bailey is 
recommended for computing combined stress. This theory can 
of course be applied for all ranges of temperature and is recom- 
mended where particularly thin pipe walls are desired. The 
reader is referred to the bibliography: for a detailed —— 
of Bailey’s theory. 

Pressure drop in a steam pipe is due to friction of the steam 
against the pipe walls and between molecules. In cases where 
the total drop is not in excess of ten per cent of the initial pres- 
sure, the following formula holds: 


f Liv? 
772 dv 





AP = 
where 


AP = pressure drop, psi. 


f »= friction factor 
L = equivalent length of the piping system, feet 
j V= velocity of steam, feet per second 
d = inside disemet of pipe, inches 
4 v= specific volume, cu. ft. perpound. 
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The friction factor is dependent upon the condition of the pipe 
walls, that is, whether smooth and new or corroded, scaled or 
otherwise roughened. Friction factor is furthermore a function 
of Reynold’s number and in general decreases with an increase 
of Reynold’s number up to about 5,000,000. Beyond this point 
the friction factor for superheated steam flow in new piping is 
essentially a constant and its value is closely approximated by 
the dimensionless quality 0.015. 

The equivalent length of the system consists of the length of 
straight piping plus the lengths of the valves, bends and fittings, 
expressed in terms of straight piping. It has been ascertained 
by experiments made at the U. S. Naval Boiler and Turbine 
Laboratory that for the flow of steam, which is usually at high 
Reynold’s numbers, the equivalent length of the pipe system is 
essentially that of the equivalent length of the sum of. the various 
component parts. Thus, for the average arrangement of a naval 
main steam piping system, the grouping of valves and fittings 
does not affect the equivalent length of the system. 

Steam velocity is computed by means of the relation: 


Ww 
V = 3.0564 


where 
V = steam velocity, feet per second 
W = steam flow, lbs. per minute 
v. = specific volume, cu, ft, per pound 


d = inside pipe diameter, inches. 


Factors affecting the velocity of the steam at full power are 
the allowable pressure drop, noise and erosion of the pipe, valves 
of fittings. It should be remembered that’ most naval vessels 
cruise at speeds corresponding to about 10 to 20 per cent of full 
power for a large portion of their operation, so that greater 
pressure drops can be tolerated at full power than in the: case 
of central stations: Erosion of piping, valves and ‘fittings is 
therefore negligible, as is the noise at cruising speeds caused |by 
the steam passing through restricted openings:' Serious erosion 
will occur only if moisture is present in quantities greater than 
ten per cent for steam having velocities over 500 feet’ per second. 
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In main steam. lines the steam is without moisture content, being 
superheated, and the velocities are in general of the order of one- 
fourth of those existing in the last turbine stages. 

Noise may become. excessive if steam velocities exceed about 
400 ft. per second. Very high velocities are premissible in pip- 
ing used only occasionally, such as astern steam lines and cross- 
over pipe lines connecting forward and after machinery spaces. 

Aside from considerations of stresses, it is apparent that the 
choice of. main steam piping sizes is dictated mainly by con- 
siderations of allowable pressure drop at full power operation. 
Friction pressure drop is a throttling process and represents a 
loss in available energy in the turbine. It involves an increase 
of entropy in the steam as it flows along the pipeline. The loss 
in available energy may be computed from the relation: 


U.E. ="AS xk T 
where 
U. E.. = unavailable energy, Btu. per Ib. 
AS = change in entropy between initial and final 
steam conditions in the pipe line. 
rete = absolute temperature corresponding to con- 


denser pressure (sink temperature). 


Since the horsepower output of a steam turbine is essentially 
proportional to the isentropic heat drop in the machine and the 
pounds of steam passed, we can compute the additional steam 
required by the turbine due to the decrease in available energy 
per pound. The following example will illustrate the point: 
Assume.a destroyer power plant designed for 800 psi. g..900°F. 
at the superheater outlet and a 2734” hg vacuum in the condenser 
at full power. Two main turbines, of 30,000 Hp: each, have a 
basic steam rate of 6 lbs. per hp.-hour at full power.. The piping 
is of carbon-molybdenum steel. Two. boilers supply steam to 
each turbine at full power. It is desired to estimate the difference 
in fuel oil consumption when 6-inch I.P.S..and 5-inch I.P.S. 
piping is used between the superheater outlet and the Y connec- 
tion ahead of the turbine throttle. 

Consider first the 6-inch pipe size. The total equivalent length 
of piping, valves, fittings and bends is estimated to be 400 feet. 











SIZE AND THICKNESS OF MAIN STEAM PIPING. 349 


Using the American Standards Assoc. formula for pipe thickness, 
we get, 

pd 800. X 6.625 

t egg T9088 = 2 10,000 


The inside pipe diameter is, 6.625 — 2 X 0.33 = 5.965 inches. 
Since the steam flow is 1500 lbs. per minute, the velocity is, 
Wv 0.951 


V= 3.056 ~ Gz = 3.056 < 1500 X (5.965) = 122 ft. persec. 


+ .065 = 0.33 in. 


The pressure drop to the Y-connection will be, 
fL Vv? 0.015 X 400, x (122)? 
~ 772dv (772 X 5.965 X 0.951 


The loss in available energy is computed as follows, assuming a 
5°F. drop in temperature of the steam: * 


1.641 Btu. per °R. 
1.638 Btu. per °R. 
0.003 Btu. per °R. 








AP = 20.4 psi. 


Entropy at 795 psi..a..—,895°F; , 
Entropy at 815 psi. a. — 900°F. 
Increase in entropy 


Absolute temperature corresponding to 
2744" hg. = 108.7 + 460 = 568.7° F.A. 
Loss in availability = 0.003 X 568.7 '= 1.7 Btu. per Ib. steam. 


This represents a fuel loss of 


1.7 X 6 X 60,000 
18,500 X 0.83 





= 40 


lbs, oil per hour, assuming the boiler efficiency to be 83. per cent. 

If a 5-inch pipe is used the equivalent length will be approxi- 
mately 360 feet. The calculations for pressure drop and loss in 
available energy follow. 


800 X 5.625 
~ 2X 10,000 


Inside pipe diameter = 5.625 — 2 X .29,= 5.045 inches. 


+ 0.065 = 0.29 inches pipe thickness. 


Steam velocity = 3.056 < 15.00 = 172 ft. per sec. 


0.951 
(5.045)? 


Pressure drop to Y connection, 
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0.015  360(172)? 
~ 772 X 5.045 X 0.951 





AP = 43 psi. 


Entropy at 772 psi. a. — 895°F. = 1.644 Btu. per °R. 
Entropy at 815 psi. a. — 900°F. = 1.638 Btu. per °R. 
Change in entropy = 0.006 Btu. per °R. 


Loss in available energy = 0.006 X 568.7 = 3.4 Btu. per lb. 
This represents a fuel loss of 


3.4 X 6 X 60,000 
18500 X .83 





= 80 
Ibs. per hour. 


The 6-inch pipe therefore has a thermodynamic advantage over 
the 5-inch pipe, represented by a gain in available heat drop in 
the turbine, equivalent to 80 — 40 = 40 Ibs. of oil consumed per 
hour. 

Since radius of action at cruising speeds is the prime considera- 
tion in the design of most naval vessels, the additional oil weight 
represented by the loss in economy should be balanced against 
the decreased weight of piping. Naturally, if pipe size is exces- 
sively reduced, the turbine size and weight must be increased 
due to meeting full power requirements, so that there exists an 
optimum pipe size for each installation. The smaller pipes have 
a distinct advantage over larger ones in that less thrust exists at 
the anchorage points and bending stresses due to expansion are 
reduced. 

To ‘summarize, it is desirable in naval main steam piping 
systems to select materials and pipe sizes that will allow’ the 
use of minimum pipe wall thicknesses. This is especially the case 
when a reliable expansion joint is not available and pipe bends 
are used to obtain flexibility. The smaller.and thinner pipes 
possess, in addition to greater flexibility; the advantage of lighter 
weight and smaller thrust loads at the fixed points. The decrease 
in pipe size will be accompanied by increased pressure) drop ‘in 
the steam. The optimum pipe size is reached when the increase 
in cruising radius, due to weight saved by the use of smaller pipe 
sizes, is balanced by the decrease in cruising radius, due to 
poorer turbine economy and the resultant increase in machinery 
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and fuel weight. Rupture strength is recommended as a criterion 
of failure where the life of the piping will be limited to a known 
number of hours. 
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OFFICIAL ABSTRACT 
FINAL REPORT 
OF THE 
BOARD TO INVESTIGATE THE DESIGN AND. METHODS OF 
CONSTRUCTION OF WELDED STEEL MERCHANT VESSELS. 


Early in the war certain welded merchant vessels experienced structural 
difficulties in the form of fractures which were not readily explained. These 
fractures in many cases manifested themselves with explosive suddenness and 
exhibited a quality of brittleness which was not ordinarily associated with the 
behavior of a normally ductile material such as ship steel. 

The seriousness of this structural failure problem may be gaged by the fact 
that out of approximately 5000 ships constructed in the course of the war, 
about one-fifth sustained casualties. Of these casualties, 127 were classified 
as serious. Eight vessels were lost, but it is extremely fortunate that only 26 
persons lost their lives. Contrary to widespread belief, the fracture menace 
did not confine itself to Liberty Ships but involved vessels of all types. 

Since the fractures sustained occurred under normal operating conditions 
and were not the result of battle damage, it was evident that their implications 
might have been far reaching and have had a signal effect upon the war effort. 
Accordingly, in April 1943, a Board was appointed by the Secretary of the 
Navy to investigate the circumstances surrounding the structural failures 
reported. This Board was formally known as the rd to Investigate the 
Design and Methods of Construction of Welded Steel Merchant Vessels, and 
consisted of: The Engineer-in-Chief, U. S. Coast Guard as Chairman; and the 
Chief of the Bureau of Ships, U. S. Navy; the Vice Chairman, U. S. Maritime 
Commission and the Vice President-Chief Surveyor, American Bureau of 
Shipping as members. 

The investigation of this Board has been in progress for more than three 
years. During that time two interim reports were made to the Secretary of 
the Navy. A Final Report covering the rd’s activities has been submitted 
to and approved by the Secretary of the Navy and the following facts are 
abstracted from that Report. 

During the course of the inquiry, many research projects were initiated 
under the National Defense Research Committee. ese projects were 
carried out with the services of the Welding Group of the War Metallurgy 
Committee at the National Research Council. In. utilizing the facilities of 
the War Metallurgy Committee, the Board was able to b to bear on its 
problems some of the best scientific minds in the country. h a com- 
plete coordination of effort in research, results were obtained in a minimum of 
time. Close liaison was maintained throughout the Late pe with the 
British and with other Allied Nations who were concerned with the operation 
of welded merchant vessels. 

The over-all designs of merchant vessels were checked by recalculation of 
the longitudinal strength and by means of static structural tests on certain 
vessels. It was found that there was. a margin of strength in every case over 
that required by existing standards and that the basic analytical method used 
in calculating the strength of the hull girder is valid, 

In the investigation of detail design, it became apparent that the mono- 
lithic character of the welded ship resulting from the method of fabrication 
can produce high stress concentrations and severe restraint, thereby tendin 
to inhibit plastic flow. This condition did not exist generally in the rive 
ship. The danger of high concentration at points of struct discontinuities 
in the welded ship is further aggravated by welding usually t at such 
points. Every fracture examined started in a geometric discontinuity or 
notch resulting from unsuitable design or poor workmanship. 

The investigation pertaining to structural details:has emphasized 
that too much attention cannot be paid to the elimination i tinuities 
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or notches, whether they be small or large, and that the effect of discontinuities 
is aggravated by welding. 

Studies indicated that steel as furnished to shipyards complied in every 
respect with present physical requirements. In spite of this, impact tests of 
steel samples taken from vessels which had suffered fractures indicated that in 
many cases the steel was notch sensitive. In addition, it was found that some 
steels furnished to shipyards were also notch sensitive. There is a necessity 
for the establishment of a new specification to include a practical test for the 
evaluation of the notch sensitivity of commercial steels. 

There is.no indication that inferior quality or. misapplication of welding 
electrodes was responsible for welded ship fractures.. This does not mean, 
however, that an improvement in electrodes and covering materials might not 
be beneficial. 

The use of welding in the construction of merchant vessels during the war 
permitted the launching of an enormous fleet of ships which ployed a vital part 
in the winning of the war. There are, however, certain disadvantages con- 
nected with welding which were not fully realized at the outset. Although 
the technique of depositing weld metal and the application of welding sequences 
to minimize shrinkage, distortion and cracking were fairly well understood, 
relatively little was known of deleterious conditions accompanying the weldin 
processes on large ship structures. Consequently, when factures in all-weld 
steel merchant vessels first began to manifest themselves (as in the Schenectady 
and the Esso Manhattan), conditions were found which did not conform to 
pervious experience. There was a general feeling that the accelerated ship- 

uilding m and the concomitant quantity production of all-welded ships 
had ronan in a general disregard for proper construction procedures and 
workmanship. It was particularly felt that insufficient care was being devoted 
to welding sequences with the result that locked-in stresses were present in 
many ships to a higher degree than would be expected. . The presence of these 
higher stresses was believed to be an important factor in the incidence of the 
observed fractures. The results of the investigation, however, have not 
substantiated this belief. 

Although a large amount of work was conducted in the investigation of 
residual and locked-in stresses resulting in a considerable extension of knowl- 
edge in this respect, no evidence has been found to indicate that these stresses 
are important in causing the factures of welded ships. 

The feeling that workmanship had suffered due to the pressure of wartime 
production programs was substantiated. The importance of maintaining 
adequate standards of workmanship has been clearly established by the 
analysis of structural failures in the past three years. Poor workmanship 
engenders fractures since a fracture may originate at a small notch such as 
occasioned by peened-over cracks and under-cut welds, by porosity and inclu- 
sions in the welds, or by ‘‘saddle’’ welds resulting from incomplete penetration, 
which leaves ‘voids in the center of the joints. High quality workmanship is 
still an important need in the bu/'ding of welded ships. 

A study of operating conditions resulted in the finding that loading and 
ballasting procedures did not create abnormal bending moments. 

The war time operation of cargo ships in convoys and overseas routes which 
are only infrequently used in normal times imposed unusual hardships on the 
vessels, especially — the early part of the war when convoys were being 
routed through extremely cold waters where heavy seas prevailed during the 
winter months. The highest incidence of fractures occurred. under the com- 
bination of low temperatures and heavy seas. The risks involved were accepted 
as far as heavy seas were concerned, but at the start the adverse effects ot low 
temperature were not fully appreciated. When these facts were recognized, 
vessels modified to increase their resistance to fracture were assigned to the 
more rigorous trade routes. 


The Board concluded that the fractures in welded ships were caused by 
notches built into the vessels, either through design or as the: result of work- 
manship practices, and. by steel which was notch sensitive at operating tem: 
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peratures. When an adverse combination of these factors occurs, the ship 
may be unable to resist the bending moments of normal service. 

The serious epidemic of fractures in the steel structures of welded merchant 
vessels has been curbed through the combined effect of the corrective measures 
taken on the structure of ships during construction and after completion, 
improvements in design, and improved construction practices in shipyards. 

The results of the investigation have vindicated the all-welded ship. Statis- 
tics show that the percentage of ships sustaining serious fracture is small. 
With proper detail design, high quality workmanship and a steel which has low 
notch sensitivity at operating temperatures, a satisfactory all-welded ship 
structure may be obtained. 

However, until experience can be had with vessels constructed under normal 
conditions of improved design, materials, and workmanship, some form of 
crack arrestor, such as a riveted gunwale angle, should be incorporated in the 
hull girder of all large welded vessels. 


The research program conducted in connection with the investigation has 
produced at least partial answers to most of the more urgent questions and 
has given an adequate solution for the purposes of the Board. It now becomes 
necessary to assure the continuance and the extension of this work. Paths 
have been indicated along which real improvement can be made in structural 
designs, materials and fabrication methods. The Board has been dissolved— 
it cannot follow these leads—however it is important that we maintain our 
present position in maritime affairs and protect our standing in world wide 
competition by continuing fundamental research work on design and methods 
of construction of steel ships. Accordingly, the Secretary of the Treasury has 
appointed a Committee to carry on the work of the Board. It has been 
designated as the Ship Structure Committee. © This Committee is jointly con- 
trolled and financed by the agencies which comprised the Board, namely, the 
Bureau of Ships, U. S. Navy; the U. S. Coast Guard; the U. S. Maritime 
Commission; and the American Bureau of Shipping. 


FUNDAMENTALS OF SHIP STABILITY. 


This article by J. S. Redshaw is reprinted from the Transactions of the 
Institute of Marine Engineers for 1947. 


Synopsis.—This paper gives firstly an interpretation of fundamentals and 
an historical note. It then deals with transverse stability; longitudinal 
stability; motion of ships in a sea-way; center of gravity; inclining experiments 
(tanometer angle recorder); transverse stability demonstration model; free 
surface effects; flooding and damage control demonstration model; anti-rollin, 
devices including bilge keels, anti-rolling tanks, gyro stabilizers, and sctuated 
fins; stability of submarines; and standards of stability (American proposals, 
etc.). 

Recently two very comprehensive *papers dealing with the naval architect's 
contribution to the science and art of ship propulsion, have been presented to 
the members of this Institute. 

The first of these was concerned with the geometric characteristics or ‘‘form” 
of the hull of a mechanically-propelled ship in its bearing on the economics of 
power propulsion, and the author has no doubt that the contents of both 
papers effectively reassured the members that their companion societies and 
technicians are devoting adequate effort to eo oper and efficient 
application of the mechanical power placed at their disposal by marine 
engineers. 

* “Fundamentals of Ship Form”’, by F. H. Todd, B.Sc., Ph.D. Transactions of The Institute 
of Marine Engineers, Vol, LVII, No. 1, February, 1945. cee ; 

“Fundamentals of Ship Propulsion", by F. H. Todd, B.Sc., Ph.D. Transaction of The Insti- 
tute of Marine Engineers, Vol. LVIII, No. 2, March, 1946, pp. 23-38. 
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One ventures the opinion that your Council has chosen an appropriate 
sequel to complete the series by directing attention to another fundamental 
characteristic related specifically to the form and proportions of a ship’s hull 
—the very important subject of stability—so that marine engineers may have 
the further assurance that the safety and behavior of the container, to which 
they entrust their complicated and expensive apparatus with its expert operat- 
ing personnel, receives proper study and attention. 

A ship is nothing more or less than a transport vehicle and, being a co- 
operative product of the naval architect and marine engineer, many of the 
author’s introductory remarks on the aforesaid papers on form and propulsion 
apply with equal force to stability. 

or in this matter of stability and ship behavior, the engineer contributes 

in most cases a substantial proportion of the weight of the finished article, and 

the size and location of the propelling plant must influence, in a very real 

sense, those elements of form and dimensions for which the naval architect 

assumes responsibility. Hence the desirability of engendering a general under- 

standing of one another’s problems, and the need for closer partnership in 
seeking their satisfactory solutions. 

The systematic acquisition of knowledge concerning the propulsion aspect 
of ships’ forms is of relatively recent date, beginning virtually with the practice 
of methodical model experiments, and though a large field has been covered, 
continued progress in research and development is still the order of the day. 

On the other hand, the knowledge of the mechanics of stability of form of 
floating vessels has a considerably: older background and the long dynasty of 
investigators and theorists has left little, if any, unknown or unexplored terri- 
tory. The mathematical treatment of the subject is dated by the fact that 
the mystic word ‘‘metacenter”’ first appeared in the technical language of our 
profession exactly 200 years ago, so it will be appreciated that as the principles 
of geometry and mathematics have not sensibly changed in the interval, the 
subject is by this time in itself well ‘‘stablized’’. 


To recount the fundamental principles imposes no greater responsibility on 
a writer than to review and condense into a concise pattern the field of knowl- 
edge now covered—and it is the purport of this paper to make, if possible, a 
picture to be viewed in passing by those whose more intimate interests aaa 
activities lie in other directions. 

a ay very briefly into the history of the study of stability of floating 


vessels, there seems to have been little activity worth recording before the 
seventeenth century; but one finds in the early works on naval architecture 
published in this country, references to the extensive mathematical explora- 
tions by foreign investigators, French, Russians, Swedes, etc., from roughly 
the end of the seventeenth et ia onwards. Scott-Russell in his treatise on 
naval architecture of 1865 writes feelingly of the woeful lag before this foreign 
enterprise made any impression on the British builders, who for so long had 
viewed the intrusion of the mathematician or scientific worker into the field 
of shipbuilding with a marked lack of enthusiasm, to put it mildly. The story 
of that period does not make very happy readin ar is in strange contrast to 
the pioneering and progressive spirit exhibited by the British technicians in 
the Re Id of ship resistance and propulsion. 

However, when a start was made, much was written on stability as contri- 
butions to learned societies or as part of more comprehensive works such as 
that of Scott-Russell already mentioned, and Professor Macquorn Rankine’s 
treatise on theoretical and practical shipbuilding published in 1866. 

Some 20 years later there appeared what was claimed to be the first British 
publication devoted entirely to stability. This was Sir Edward Reed’s 
treatise on the stability of ships in 1885, an exceedingly detailed and extensive 
work, which contained a ine of many of the fools n contributions to the 
subject up to that time. Reed’s stability had, and still retains, a wide vogue 
as a standard text-book, and was later followed by the familiar works of 
Attwood, Biles and others, each containing sections dealing, in more abbrevi- 
ated form, with the now generally accepted principles of stability. 
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The word “‘fundamentals” in the title of this paper may admit of a variety 
of interpretations according to the point of view. To the practical operator 
of a ship the simple fundamental concern is that as it is intended to float and. 
navigate in a substantially upright attitude, and the ship must be so designed 
that any deviation, through whatever cause, must automatically generate a 
resisting force to restore the situation. ~The more scientific approach is con- 
cerned with study and.analysis of the characteristics which distinguish a 
stable from an_unstable condition, and by which the foregoing state of affairs 
is assured, This résolvesinto a conflict or balance between gravitational forces 
on the ship coupled with any applied forces on the one hand, and the opposing 
or buoyant forces from the water on the other hand: As the amount and 
direction of the latter are determined.entirely by the geometric properties of 
the form of the ship’s hull, it will be appropriate to begin with brief definitions 
of the conventional nomenclattire*used in this connection. “Though some of 
the terms are not related exclusively to stability they are included here as a 
general reference. 

The orthodox ship form is bounded by curvilinear surfaces and has only one 
plane of symmetry—a vertical plane throligh-the longitudinal centerline. The 
character of the curved’surfaces is defined in whatis.called a lines plan which 
shows in_threé projections the traces or outlines that would-be produced if the 
whole body were cut-by a series of horizontal and vertical planes. 

The traces produced. by. the horizontal slicing-are called water-planes, and in 
the other projections there are the transverse sections across the ship, and the 
bow lines and buttocks on the longitudinal direction. 


Displacement is the weight in tons of the water that.would fill the space 
occupied by the immersed part of the ship and is of course exactly equal to the 
total. weight of the ship as it floats. Usually displacement expressed in tons 
weight is denoted by symbol A and to convey the equivalent volume in cubic 
feet the symbol is reversed V. : 

To indicate the shape or characteristics of this immersed form or displace- 
ment, it is customary to use a series of coefficients which have the following 
significance :— 

Block Coefficient expresses the ratio or proportion that. the actual volume of 
displacement bears to the volume of an imaginary containing rectangular box 
having the same overall length, breadth and depth. Referring to Fig. 1, a 
block coefficient of say 0.50 would mean that the volume of displacement is 
just one half of the volume of the rectangular box AC X AB X AE and the 
coefficient, therefore, gives a picture of the general “bulkiness’’ of the form. 

Obviously with the same block coefficient the displacement can be distrib- 
uted in a variety of ways along the length, so to convey a notion of a particular 
distribution we resort to the:—' 

Prismatic or Longitudinal Coefficient which expresses the ratio or pro- 
potion that the actual volume of displacement bears to the volume of an 
imaginary container having the same overall length and a constant section 
similar in shape to the largest middle section of the ship form. — This is illus- 
trated in Fig. 2, and it is evident that the prismatic coefficient conveys the 
idea of distribution of displacement as between the middle portion and theends. 


Midship Area Coefficient which expresses the ratio between the largest cross 
section and its circumscribing rectangle (GHKJ in Fig. 1) is the link between 
the block and prismatic cient, for it is obvious that with a given block 
coefficient, a fine or'small midship coefficient results in a full or large prismatic 
coefficient, which means that the displacement is spread more towards the 
ends and indicates what is termed a “‘full-lined” ship. : 

Waterplane Coefficient expresses the ratio between the area of the horizontal 
waterplane and its circumscribing rectangle (A EFC in re: 1); and the centroid 
of the waterplane area is called the Center of Flotation (C.F.). 

Vertical Prismatic Coefficient expresses the ratio between the volume of dis- 
placement and an imaginary container having the same draft as the ship and 
a constant horizontal section similar to the load. waterplane. . This t 
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Fic. 1 (#0p) block coefficient and Fic. 2 (bottom) prismatic coefficient. 


conveys the idea of the vertical distribution of displacement as between the 
upper and lower levels and therefore has a particular bearing on stability. A 
small or ‘‘fine’’ vertical coefficient indicates that the bulk of the volume is 
bunched up towards the higher levels which as will be seen later tends towards 
greater stability. 


Center of Buoyancy (B) is the geometric centroid of the volume of displace- 
ment. All the buoyant, forces ue which the water i: + ye the ship can be 
integrated into a single vertical force acting through the center of buoyancy, 
in just the same way that all the component weights of the ship and its con- 
tents can be integrated into a single vertical force or weight acting through its 
Center of Gravity (G). f 

Righting Arm. If the opposing forces of gravity and, buoyancy, acting 
downwards through the center of gravity, and upwards through the center of 
buoyancy respectively, are not in the same vertical plane, a couple is created 
tending to-move tHe ship either towards or away from the, upright position. 
The arm of this couple is called the ‘‘righting arm’’ or lever (generally denoted 
by GZ) and if the tendency of the couple is towards the upright, the ship is 
said to be stable and if away from the upright, unstable. 


Transverse rg a 4 Foran orthodox. ship, form:.the breadth is only a 
fraction, of the length, and.as the critical stability condition relates to the 
shorter dimension; primary, importance attaches, to the, athwartship or 
transverse stability. ; 

In a first approach to the question of stability, an end-on, view of, say, a 
Pesenaes liner floating serenely upright with high superstructures and top 

mper obviously bringing its center of gravity well above the apparently 
“soft” support from the water, seems to conflict with one’s conception of 
stability in the mechanical sense. It looks like a’ mobile pendulous system on 
which we are accustomed ‘to find stability contingent upon the center of 
gravity being below the point of support! and this apparent anomaly probably: 
gives rise to some confusion in the mind’of the casual observer. * - 
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Although not in every particular a strict analogy, a simple illustration of 
the underlying principle of this somewhat peculiar characteristic of floating 
“stability” is afforded by the familiar process of balancing on one’s hand seme 
top heavy object such as, say, a billiards cue. Here the tendency to fall over 
is countered by human agency in moving the point of support in whatever 
direction the center of gravity elects to move, and the upright attitude is 
retained so long as one is skilful enough to cover, or rather more than cover, 
the initial movement of the C.G. (Fig. 3). 

Very much the same sort of process occurs with the ship, except that it is 
the geometric properties of the underwater form instead of any human inter- 
vention that provides the center of buoyancy with the very accommodating 
property of moving from side to side and countering any tendency of the ship 
to lean or heel over (Fig. 4). . 

It is evident in the case of the balanced cue that a close limitation in the 
travel of the supporting finger would make it difficult or impossible to counter 
any large movement of the C.G., and in just the same way the inherent 
stability qualities of the ship depend upon the degree and range of movement 
of its center of buoyancy. ; 

In effect, it is to the analysis and defining of this mobility of the center of 
buoyancy that the work that we call stability ¢alculations is mainly directed. 

Probably the best approach for picturing the general effect of mobility of 
the center of buoyancy is to consider what happens when a ship is heeled over 
in still water to a steadily increasing angle. ere to begin with we suppose 
the ship to be intact, containing no loose or movable weights, so that its center 
of gravity is a fixture, and that it is symmetrical about the middle line plane 
both as to form and weight. 

Referring to Fig. 5, the first section (a) shows the ship initially upright. The 
position of the center of buoyancy B can be readily calculated and fixed pre- 
cisely from our knowledge of the form of the ship indicated on its ‘‘lines plan’, 
and it is assumed that we know also the fixed position of the center of gravity 
G. All that is immediately evident is that the two points lie in the same 
vertical plane; consequently for the strictly upright position there is no system 
of forces tending to disturb it. That does not necessarily mean that the ship 
is stable, for a small departure from the theoretical upright obviously affects 
the position of both B and G, and alters the situation. 

Suppose next that the heeling process is carried to a considerable angle, (6) 
shows that for the example chosen, taking a vertical plane of reference say 
through the keel as at 00, B has moved towards the right or immersed side 
much further than G has moved, so. that the system of forces constitutes a 
eouple trying to move the ship back to the upright position. In other words 
there is a condition of positive stability. ‘Although G in relation to the refer- 
ence 00 must move further to the right with every increase of angle right up 
to 90 degrees, B is in a different situation for its range of movement to the 
right is conditioned solely by the shape of the body of the ship. The usual 
sequence of events is that at some such position as at (b), the righting lever or 
intercept GZ between the forces through B and G reaches a maximum value, 
and that thereafter, as*the angle of heel increases, the movement B to the 
right slows up until fifially G overtakés it and the intercept GZ vanishes. , This, 
as illustra in (c), is called ‘the angle of vanishing stability and marks the 
angular range of stability beyond which the relative positions of G and B will 
create a capsizing couple. 

In Fig. 5 (6) it is apparemt that ifting G to a higher level G, say by adding 
top-hamper to the ship, will effect a reduction of the righting lever GZ by an 
amount GG sin @ at any oye of heel 6, and consequently reduce both the right- 
ing lever and the range of stability as illustrated by the dotted curve in the 
aagres Conversely of course, lowering G will increase the righting lever 
and range. 

It is here assumed that the ship is symmetrical as to weights with G on the 
middle line plane, but Fig. 5(6) incidentally may be taken as illustrating the 
effect of any eccentricity of G. If G be moved off center on to a line through 











NOTES. 361 


Fic. 4. 











| 
| 


gee cewocceee 
woce “-eeaeee 


“Oem encase eccccecsd 





-& @) 





















2 

s + oe 

H [* 2 Llngeend 

Y@) ~. ve) 
P 4 


Juttiht 62 
nif. 











~----.-~.-Aeege_ of Sabie... - 2! 
Fic. 5.—Stability at large angles. 








NOTES. 








Fic. 6.—Effect of beam/draft ratio. 














Fic, 7.—Effect of high freeboard. 
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BZ then, subject to a certain reservation as to the height of G, the attitude 
shown will be the angle of equilibrium for its offset position, and the ship will 
be stable about the new heeled position, 

While considering large angles of heel, it is appropriate to observe the 
influence of the proportions of the ship on the movements of B. Referring to 
Fig. 6 which shows two cases, both having the same displacement and height 
of G, but differing in beam/draft ratiO,\1t is apparent that an increase of 
beam with a corresponding reduction in draft results in a substantially greater 
movement of B at the same angle, and hence an increase in the righting lever. 
It can be counted as a fundamental characteristic that high ratio of beam to 
draft makes for greater stability. 

’ The second. important feature bearing on stability at large angles is the 
proportion of freeboard or reverse buoyancy, as illustrated in Fig. 7. Here 
the left-hand section is a reproduction of 5(c), whereas the companion section 
has the additional freeboard shown by the dotted lines. With the same height 
of G in both cases, it is evident that up to the angle at which the gunwhale 
enters the water the movement of B will be unaffected by the additional free- 
board, but beyond that angle the ship picks up buoyancy which causes a 
marked extension of the movement of B towards the immersed side and 
creates a righting lever at and beyond the angle at which otherwise it would 
have vanished. The general effect of freeboard therefore isto make no differ- 
ence at moderate angles-of heel, but to provide’a valuable addition to the 
range of stability, as illustrated in the broken line curve in Fig. 5. 

In the foregoing outline of stability conditions at large angles of inclination, 
it has already been mentioned that the position of B is dependent upon the 
shape of the hull and is therefore directly calculable from the lines of the ship. 
It will be realized that for the irregular volume cut off below an inclined water- 
line this, without any mechanical aid, would be a somewhat laborious process. 
The naval architect however has at his disposal the ingenious Amsler’s inte- 
grating machine, which applied to the sectional body plan enables the position 
of B to be located expeditiously and accurately for any selected series of angle 
and drafts, so that for any position of G the righting lever can. readily +4 
ascertained. sete oe 

Referring back to Fig. 5, it will be appreciated that although the foregoing 
process can be used to caleulaté the righting lever with reasonable accuracy at 
quite small anglés of inclination, it cannot define satisfactorily the stability 
conditions in the strictly upright position. 

For this special case of what is called initial stability, a simple process of 
calculation, again based solely on the lines or shape of the hull, determines 
with precision the initial behavior of B,.or in other words the geometric 
property of the form known as the metacentric radius. 

Referring to Fig. 8, if.a ship is-inclined from the upright to an infinitesimal 
angle dé, there is a change in the underwater shape ns ing of the move- 
ment of a wedge lying between the waterplanes WL and W,L, from one 
side to the other. ‘The effect of this is to move the whole volume of displace- 
ment from B to B, in the same direction, the relationship being that the 
whole volume multiplied by BB, is equal to the voliime of the wedge multiplied 
by its total transfer from side-te-side; therefore to find BB, it is necessary to 
calculate both the whole volume and the volume and moment of the wedges. 

At any cross section, if y is the half-bteadth, the section of the wedge is a 
simple triangle, and for the very smallangle d8 the port and starboard triangles 
are similar, each having an area 4-y* tan d@.' . ) 

Coverting this into volume by taking a very short length dx in the fore and 
aft direction we get }.y* tan dé dx. 

The center of gravity of each wedge is 2/3-y from the center line, so the total 
distance transferred is 4/3 y and consequently the moment of transfer is 2/3 
y® tan dé dx. 

Integrating from the whole length of the waterplane, the moment of the 


complete, wedges is 2/3 tan d@ \e y® dx, 
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Fie. 8—Initial stability transverse. metacentre. 
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Fic. 9.—Moment of inertia. Effect of free surfaces in tanks. 
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Now. 2/3 i y'dx is the moment of inertia (J) of the waterplane, about its 
central axis, and this can be calculated by Simpson's or similar rules, so the 
moment of the complete wedges is J tan dé. 

If V is the total volume of displacement J tan d@ is also equal to V X BB, 


or BB; = J tan dé. 
For a very small angle BB, is at right angles to the center line plane, and 





: , 3 a 1 ary: oe 
the metacentric radius BM tan de Therefore BM 7 and as the position 


of B can be readily calculated from the lines of the ship, the position of M is 
located, and is known as the transverse ‘‘metacenter”’. 

For small changes of angle for which the pert and starboard wedges are 
substantially identical, M is practically a fixed. point through which the 
vertical force of buoyancy acts, in other. words the height of M defines the 
initial movement or behavior of B. The system of forces behaves as though 
the center of buoyancy were at M instead of at B or B,. 

Hence the relationship between G and M is the criterion of initial stability, 
and so long as G is located below M or, as we say, the ship has a Positive GM, 
a resisting couple will be created by any departure from the upright Position. 
The distance between G and M is called the ‘‘metacentric height’’, 

The stability of a completely submerged body such as a submarine is a 
special case. Inasmuch as it has no waterplane, the center of buoyancy has 
none of the mobility which occurs in the surface craft due to changes in im- 
mersed form by transference of wedges. Hence a righting couple can only 
exist when the center of gravity is located below the actual center of buoyancy. 

In the preceding calculation it will be seen that the height of the metacenter 
M above the centroid B of the immersed volume is obtained by dividing the 
‘‘moment of inertia’’ of the waterplane by the total immersed volume. 

It is well to have a clear picture of what is conveyed by the expression 
‘moment of inertia’’, for it reappears in connection with the important question 
of free surfaces of liquids in ships’ tanks and their bearing on stability. Trans- 
lated into everyday language the moment of inertia (2/3 if y® dx in the mathe- 
matical code) conveys a measure of the. plane’s resistance to being pushed 
around, 

Looking at the waterplane wedges reproduced again in Fig. 9, if we consider 
any small element of the plane at a distance y from the central axis, the process 
of forming the wedge generates a small volume d which is lifted from water to 
air on the one side while its counterpart is pushed down from air into the 
water on the other side, hence both resist this movement by the moment yd. 
Now another similar element at distance 2y will form double the volume and 
its moment of resistance will be quadrupled, that is to say, proportional to 
y?, By the same reasoning the resistance of any other element will be pro- 
portional to the square of its distance from the center line. The addition of 
these moments of all the elements comprising the complete waterplane area is 
the moment of inertia, or in other words the moment represented by the 
transfer of the complete wedge volume from one side to the other. 

This leads to consideration of the detrimental effect of free surfaces of 
liquids in partially filled tanks, Referring again to Fig. 9, in which such a 
tank is illustrated, it will be seen that a small angle of inclination causes a 
transfer of wedges on the water surface in the tank, which have a family 
resemblance to the wedges at the ship's waterplane, the wedge 
exactly the same. The vital difference of course is that whereas the surface 
moment yd of an element of the ship’s waterplane on the immersed side is an 
upward buoyancy moment, the corresponding moment of a similar element on 
the tank surface is.a downward weight moment and one cancels the other. 
The effect therefore is as though an area equivalent to the tank area were cut 
out of the ship’s waterplane, and its moment of inertia and the resulting height 
of M correspondingly diminished. : 
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Alternatively, after adding the tank liquid as though it were a solid weight 
at g, the loss of metacentric height due to the free surface may be assessed as 
an increase in the height of G instead of a lowering of M; the liquid in the tank 
behaving as though its center were located at a higher position g., following 
similar reasoning as for the ship’s metacenter. 

It is immediately apparent that the transverse dimension of the free surfaces 
must be kept as low as possible. 

If for instance the tank in Fig. 9 were divided by a center line bulkhead the 
free surface loss would be only one quarter that of the undivided tank, or if 
divided into three, the loss would be only one-ninth; so it may be regarded as 
a fundamental that all tanks should be so divided and operated as to keep the 
free surfaces to a minimum. 

Knowledge of the initial stability properties of a ship’s form as presented in 
Fig. 8, that is to say the calculated heights of the metacenter and displace- 
ments af various drafts, provides a means of obtaining the actual metacentric 
height (GM) of a’ completed ship by a practical operation known as the 
incline experiment. 

The information obtained from the experiment is of particular value, for 
until the ship is completed the height of its center of gravity is a matter of 
more or less accurate estimation. But when by the inclining experiment the 
actual metacentric height is determined, it follows from our knowledge of the 
height of M that the height of G is also definitely located to check against 
the estimated data. 

Briefly the routine of the experiment is as follows:—The ship is loosely 
moored to float freely in still water, all weights on board are secured against 
movement, and tanks preferably either empty or pressed full so that there are 
no disturbing free surfaces, A weight of inclining ballast sufficient to give the 
ship a small but. measurable angle of heel is put on board, initially disposed 
centrally and so positioned that it can be conveniently traversed across the 
deck through a measured. distance. The drafts and density of the water are 
carefully measured so that) the displacement (A) is known precisely. 

The ballast weight or weights are then moved across the deck to and fro as 
many times as desired and the resulting angle of heel measured as accurately 
as possible by means of a long plumb-line or other device. 

Referring to Fig. 10, at the commencement of the experiment the ship is 
upright, its total weight (4) is known and also the height of the metacenter 
(M). When the ballast is moved across the ship and the angle of heel (6) 
recorded, it is known that the center of gravity of the whole system is now off 
center and must lie somewhere in the new vertical plane through M. But the 
wxXx 





distance that the center. of gravity has moved (GG,), is equal to and as 


G has moved parallel to the direction x, GG,M is a right-angled triangle in 
which GG, = GM tan @. 


Hence GM is readily obtained. from the equation ee 


ane xXA When G has 
been ascertained in the inclining condition of the ship, it is a matter of simple 
calculation to assess the metacentric height in any desired service condition. 

Fig. 10 (a) shows the customary disposition of inclining ballast on the deck; 
the sequence of operations being to move, say, the port groups in turn over to 
starboard, return them to the original position and follow by moving the star- 
board one to port, pausing between each move to observe the angle of heel. 

_ Fig. 10 (6) shows an‘alternative method using, when space permits, a larger 
single group disposed initially on the center line, and making five shifts in the 
sequence shown. The latter arrangement is rather more expeditious if a crane 
is used to move the weights’as it avoids transferring the slings. 

For recording the angle of heel the traditional method is to use two long 
pendulums of 15 ft. or upwards, slung in hatchways or other sheltered positions. 
These‘ are quite accurate in ideally still conditions, but if the ship is at all 
“restless”, are prone to be irregular oscillations which miflitate against 
accurate measurement of the angle. 
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Fic. 10.—Inclining experiment. 











Various types of angle recorders have been devised in, substitution for the 
long pendulum, and Fig, 11 shows an example designed by the writer some 
twenty years ago, and which since that time has been in constant use. This 
tanometer, which takes only two or three minutes to set up and: when dis- 
mantled is easily handled and sraneporae is a short-period heavy pendulum 
giving direct and accurate reading of the tangent of the angle of heel, amplified 
to a scale equivalent to a pendulum 16 ft, in length. .. Experience has shown 
that it can be used, particularly in small ships, in conditions where the ordinary 
long pendulum would be ineffective. Another practical advantage is that the 
tanometer can usually be more conveniently positioned. so that movement 
of weights and observations of angle are all under the supervision of one 
operator. 

rit is important to remember that the elementary metacentric rule nies 
1 


the relation between the angle of heel and the eccentricity of G — tan @ = GM 


—which is used in the inclining experiment ‘analysis, ‘assumes that M is a 
fixed joint and that the sides of the ship in the vicinity of the waterplane are 
arcs of circles.. This rule is substantially correct only when the ship has 
appreciable positive GM, but in the case of conventional ship forms which are 
more or less wallsided, the relationship does: not hold: when the GM is 
very small, zero, or negative. In such cases a more ex mathematical 
analysis is entafled, and from all points of view it is preferable that a ship 
he be ballasted, if necessary, to be in a reasonably stable condition when 
inclined. 

One or two points in connection with transverse stability are worthy of 
brief comment. : ‘ 

The upright attitude of a ship of symmetrical form ‘is direct evidence that 
G is on the center line, and that G cannot be at a higher level than M. ~ 
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A ship which is not upright should always be handled with caution unless 
one has full knowledge of its stability, for there are several possible conditions 
which may be the cause of the list:— 

(1) The ship might be in a quite stable and normal condition but with G 
not on the center line. 
2) The ship might be unstable when upright with G on the center line. 
3} The ship might be unstable when upright with G not on the center 
line, and the eccentricity of G may not necessarily be towards the 
direction of heel. 
The conditions (2) and (3) are treacherous, and it is dangerous to attempt to 
correct the list by counter-ballasting as the ship may lurch over to a very 
much er angle in the other direction, or indeed capsize altogether. 

Nevertheless a ship is in all cases in stable equilibrium in its listed attitude, 
even when it would fe unstable when upright, and with certain limitations it 
will when disturbed oscillate about its initial position. 

A description and photographs of a sectional floating model by which a 
visual demonstration can be given of the foregoing characteristics of transverse 
stability, including the influence of free surfaces, is added as an appendix to 
this paper. 

Longitudinal Stability and Trim. We see in the case of transverse analysis 
of initial stability that the controlling factor is height of metacenter, which in 
turn is directly related to the moment of inertia of the waterplane; a quantity 
which is least in the direction of its shortest dimension, confirming ‘the state- 
ment that stability is most critical about the longitudinal axis. In the same 
sense, it is to be expected that it will be least critical in the direction of the 
greatest dimension, which of course is the length. 

In general terms, stability is not confined to any particular axis, but it is a 
matter of convenience to consider the extreme transverse and longitudinal 
cases, for we are in a practical sense primarily concerned with maintaining the 
ship in an upright attitude transversely, and an even balance or trim longi- 
tudinally. Since the equation BM = I/V holds true for any oblique axis, 
the intermediate stability conditions may be resolved into transverse and 
longitudinal components. 

undamentally the principles of longitudinal and transverse stability are 
alike, the practical distinction being that in the longitudinal direction we are 
seldom concerned with anything more than relatively small changes of atti- 
tude. A large change of trim of, say, 14 ft. in a 400 ft. ship, for instance, 
represents only an angular change of 2 degrees, so in all but exceptional cir- 
cumstances the analogy to transverse analysis need not be pursued beyond the 
conditions of initial stability. ‘ 

Referring to Fig. 12, if it be assumed that a waterline WL represents the 
static normal flotation attitude in still water, and that the ship experiences a 
small angular change to waterline W\Z;, without alteration to displacement, 
there are repeated all the features of waterplane wedges, mobility of B, meta- 
centric point M, etc., similar to those in the transverse analysis. Owing, how- 
ever, to the very much ter lengthwise dimension, the numerical value of 

, the moment of inertia of the waterplane, which is now referred to a transverse 
axis through its centroid, is so large that M is at a very high level. From the 
former reasoning, this is an index of a wide range of mobility of B in the longi- 
tudinal sense, consequently a very large restoring couple is generated by quite 
small angular change. . It is evident that adequacy of longitudinal stability is 
so little in question that, for normal ship proportions, it can be considered to 
be an inherent property, and the problem is almost wholly a concern of the 
nalaria between attitude, or what we call ‘‘trim’’, and the longitudinal position 


In common usage the term ‘“‘stability’’, unless specially qualified, is intended 
to mean transverse stability. 

Trim is ordinarily measured by reference to the draft marks at’ the ends of 
a ship. .For example a “trim by'stern” of two feet means that the after draft 
exceeds the forward, draft by two feet. If by a change inthe position of 
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Fic, 12,—Longitudinal metacentre and trim. 


weights on board the figures are reversed, the ship would be said to experience 
a four feet ‘‘change of trim”. When the forward and after drafts are the same 
figure, the ship is said to be ‘‘on even keel’. 

Now it is a simple matter to avoid eccentricity of G in the transverse direc- 
tion and keep a ship upright, but there are bound to be in service all sorts of 
changes in fuel, cargo disposal, etc., which shift G longitudinally, and one 
practical application of a knowledge of the longitudinal metacentric height is 
to enable the corresponding change of trim to be assessed. 

There are two frequently recurring cases:— 


(1) Shifting a weight already on board. 
(2) Adding a weight to, or removing one from the ship. 


Case (1) is immediately r izable by its resemblance to the inclinin 
experiment operation already discussed, and as it is legitimate with smal 
anzles to regard the iongiadinal Masa fixed point, a precisely similar formula- 
tion’ is applied viz:— 

WKX WxX 
CM Bae a ees PS 
GM and A being known, this gives @ as the angular change of trim. In trans- 
lating the angular change of trim into alteration of drafts on the marks, the 
alteration will be plus at one end and minus at the other, and as can be seen 
in Fig. 12 the proportion depends upon the point of intersection of the two 
waterplanes WL and WL; 
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This point of intersection is taken at the centroid or ‘‘center of flotation’’ of 
the initial waterplane, although it should be remarked that a neglible error is 
introduced by the circumstances that for strict equality in the volumes of the 
wedges the point of intersection usually wanders away from that centroid as 
the waterplanes separate. 

Case 2 is dealt with in what are really two distinct steps. Ignoring the 
slight change in shape of the waterplane, as the draft altérs it will follow that 
if the weight were added or subtracted at the position of the center of flotation, 
- the ship would sink or rise bodily without change of trim. Hence the trimming 
moment will consist of W * X,; where X; is the distance of the weight from 
the center of flotation and replaces X in the equation, which becomes tan @ = 
Lerevee A being the new figure after the addition or removal of the weight. 


The complete process therefore is to apply the bodily change to the drafts and 
then superimpose the change produced by the trimming moment in similar 
fashion to case 1. 

In the routine drawing office calculations for the geometric propertiesof form 
which are set out for each ship in what are-called hydrostatic curves, compris- - 
ing displacement, metacenters, center of buoyancy, etc., itis customary to 
include ‘4 Curve of “‘moment to change trim one inch”. There is then ready 
to hand a basis for quickly calculating’the effect on the drafts of varying 
either in amount or position the various weights on board the ship. 

In the majority of cases, variation of weights on board a ship simultaneously 
affects both trim and stability. As the waterplanes usually broaden out aft 
at the higher levels, the tendency is for large trinby*stern to increase slightly 
the height of the transverse metacenter and conversely.a_trim by head will 
reduce it. Agaiti;as.a ship has only one plane of symmetry, large angles of 
heel will'induce a change of trim; though it is usually conceded that this inter- 
relationship may~-be ignored except at the exaggerated angles accompanying 
damage and flooding. 

Exploration of damaged and flooded conditions as affecting both stability 
and trim is a matter of primary importance im modern Naval architecture, and 
the preparation of very comprehensive calculations is compulsory in the design 
stage of a passenger ship, in order to implement the national and international 
standards of safety set out in the Merchant pag Convention Act. 

In the realm of merchant shipping one naturally hopes that in all this we 
are catering for nothing more than a remote contingency. On the other hand, 
in naval ships, combat damage and consequent flooding must be dealt with as 
part of the order of existence, and in this field it will be appreciated that both 
design investigations into a large variety of damaged conditions and subse- 
quent operational control, entail a tremendous volume of sometimes laborious 
calculations. 

Demonstration Flooding Models. Bearing on this branch of the subject, the 
members may be interested in an example of the extension of scale model 
technique to the combined problem of stability, trim, and e control. 
Just prior to the war, the writer chanced to be associated with shipbuilding in 
miniature in the production for the British Admiralty of large-scale floating 
models of capital ships and fleet aircraft carriers. 

As will be seen from the photographs (Figs. 13 and 14), these models ad- 
mitted of simulating and studying a wide variety of possible damaged condi- 
tions both with respect to the effect of flooding on the attitude of the ship, and 
its correction, thus demonstrating visually what could otherwise have been 
portrayed only by a bewildering array of figures. Hitherto under secrecy ban, 
the Admiralty now has kindly consented to the publication here of a brief de- 
scription of these models. 

Constructed of sheet the models were very. carefully made true to 
scale, both as to shape, weight and position of center of gravity; and were 
subdivided into a veritable eycomb reproducing all the watertight com- 
partmentation of the actual ship. By a system of simply operated flood 
valves and vents, any individual compartment or range of compartments 
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could be flooded at will, and in order that ship.conditions would be accurately 
portrayed each compartment contained a non-floodable canister proportioned 
to give the appropriate permeability.. A proportion of the ballast was remov- 
able to give various initial conditions of. loading... The model floated in a 
special glass-walled tank, and this was provided with an overhead, gantry by 
which the model could be lifted from the water and, turned over for draining. 
In passing it, might be remarked that these models. gave.a.very illuminating 
demonstration pe ability of our large naval ships safely to withstand a very 
extensive amount of both bodily and eccentric flooding. 

Dynamical Stability, In the foregoing notes we have seen that.a righting 
moment is generated by the separation of B and Gin a lateral direction. A 
function of this moment is the work done in heeling the ship or what is. called 
the ‘‘dynamical stability’. . This enters, into calculations. dealing with angle 
of heel. under such impressed forces as the recoil of guns discharged broadside, 
and with the motion. of ships among waves. 

The curve of righting levers plotted.as ordinates to a base of angle of inclina- 
tion provides a simple method of assessing the dynamical stability... Convert- 
ing the curve of righting levers into a.curve of righting moments by,multiplying 
by A throughout, we get a varying. moment, which. has to be. overcome in 
heeling the ship. 

The work done in overcoming the moment’ up to any. selected angle 6 is 
fa A X GZ X d@, and as this expression is proportional to the area under the 


curve up to the angle 6, a derived curve of dynamical stability may be plotted 
by measuring the area of the statical stability curve by planimeter to a number 
of successive angles. 

Relation between Stability and Rolling. The study of the rolling motion of 
ships among waves introduces a factor, the time element, which is absent in 
the geometric analysis of statical stability and the subject extends into a wide 
field of theory beyond the scope of a brief review. It is appropriate, however, 
to intrude a note or two on the general influence of stability qualities on the 
rolling characteristics of a ship. 

In the first place, as a corollary to the forced heeling of a ship in still water 
as shown.in Fig. 5 (6), it will be observed that those proportions and features 
which generate large righting moments and for which the direct index is a 
large metacentric height, are also those which increase the responsiveness of 
the ship to angular changes in the water surface itself. 

This responsiveness is reflected in the time factor, for what is called the 
ship’s natural period of oscillation, that is to say, its free rolling motion in still 
water is related’ tnter alia, to the metacentric height; rougnly speaking in- 
versely as its Square root. Hence large metacentric height contributes to 
‘stiffness’, characterized by quick, uncomfortable motion, while a small meta- 
centric height ‘results in a slow, easy motion much more to the liking of 
passengers and ‘crew. 

The waves also according to their size, pattern and angle of approach have 
a period of encounter, and it is largely the relationship between the tive 
periods of the ship and the waves that determines the behavior of the ship. 

In the extreme case of a broad raft-like vessel with a very large metacentric 
height, the natural period will be very short and the ship’s inclination will tend 
to keep normal to the varying slope of the wave profile, in other words the 
deck will remain parallel to the water. - 

This represents a condition of forced rolling where the ship moves with the 
wave period and not at all in its own natural period: 

Turning to the other extreme of a deep and narrower ship fagm with small 
metacentric height, the rolling period among waves’ more nearly to 
the ship's natural period and is consequently slower and more comfortable. 

Long sustained and regular period in the waves might dev a forced roll 
more in accord with the time of the wave period, but such ty in wave 
trains is seldom encountered. 

The os on danger lies in the building up of a large amplitude of roll if 
there should happen to be close agreement or synchromism between the ship’s 








een es een taeen ne het eo iteene oat 








372 NOTES. 


natural period and the period of encounter with the waves, but in general 
there is less probability of sustained synchronsim if the ship has a small 
metacentric height and consequently a long natural period. 

All these considerations lead to the inevitable conclusion, confirmed also by 
experience, that small or moderate metacentric height is an essential objective 
in the pursuit of easy motion and sea-kindliness. nfortunately, a conflicting 
issue arises in the part played by metacentric height when we come to consider 
damaged and flooded conditions and other special circumstances. 

The angle of heel in, say, a cross-channel ship caused by deck passengers 
crowding to one side can only be minimized by providing substantial meta- 
centric height which, unfortunately, would have the effect of making the ship 
a quick and uncomfortable roller. 

Similarly the insistence by the authorities on strictly limited angle of heel 
in passenger steamers in assumed conditions of side damage where eccentric 
flooding would ensue, in order that lifeboat handling, freeboard and navigation 
shall remain effective, is tending towards an increase in metacentric height to 
the detriment of behavior in a seaway. 

The middle course of compromise is no help, for in the choice between sea- 
sickness and safety there appears to be no alternative to regarding the latter 
as the fundamental. 

Ship Stabilizers. No doubt it is in recognition of this that inventive effort 
in the field of naval architecture is still directed in search of some effective form 
of what are sometimes referred to. as stabilizing devices, though a more 
appropriate name would be rolling dampers. 

Yumerous ideas have been produced and tried during the last three-quarters 
of a century with varying measure of success. The simple and familiar bilge 
keels have a marked damping effect on rolling, and are almost universally 
adopted other. than for craft operating in sheltered waters. They have a 
double effect of reducing the amplitude of roll and increasing the mean period, 
though their effect is less pronounced when the ship has no headway than when 
it is travelling at speed. 

Almost coincident with the early application of bilge keels there began the 
first development of the idea of anti-rolling tanks, which are in principle a 
deliberate introduction of free surface effects. 

These anti-rolling tanks (see Fig. 15) consist of partially filled water cham- 
bers in the wings of a ship, permitting the flow of a body of water from side to 
side, which by virtue of being out of phase with the normal rolling period of 
the ship creates a moment tending to counter the ship's righting moment and 
damp the roll. Various applications of the anti-rolling tank principle based 
on the Frahm. type enjoyed a considerable vogue, two notable cases bein 
those in the Atlantic liners Bremen and Europa. However, the feature o 
reduction in righting moment and fear of the potential risk of increased rolling 
if the water and ship ran into phase have no doubt been responsible for the 
disappearance of anti-rolling tanks in recent times in favor of more positive 
roll-damping devices such as the gyroscopic stabilizer and the oscillating fins. 

Gyro stabilizers of the Schlick and Sperry types are the culmination of a 
long process of development, the latter being exampled in the very large 
installation in the Conte di Savoia comprising three wheels weighing about 110 
tons each, spinning at some 900 revolutions per minute. | It is generally con- 
ceded that gyro stabilizers of adequate size may be expected to diminish the 
amplitude of rolling by something in the order of 50 per cent. 

The oscillating fins of which the Denny-Brown stabilizer is a current ex- 
ample, is in,quite a different category and produces a: moment in opposition to 
the inclination of the ship by the force exerted on subme: protruding fins 
by the action of the water streaming past them much in the fashion of a rudder. 

The fins ‘are power-operated to change their attitude in sequence with the 
rolling of the ship, so that the force is always in the direction of dariping the 
rolling. The action is governed by a small gyro-controller, and the fins are 
retractable, so that they may be drawn within the fair line of the hull when 
not in use. “This stabilizer is very effective, but the damping force naturally 











NOTES. 373 


Anti Rolling Tanks. Gyro- Stabiliser 





























ceo” 


Fic, 15.—Rolling dampers. 


diminishes with reduction in ahead speed, and is altogether absent when the 
ship is stationary, except for the additional bilge keel effect of the protruding 
fins. Positively activated stabilizers go a long way to improving the behavior 
and comfort of a ship among waves, but the irregularities of really violent 
wave motion and the extravagant forces and amplitudes generated by the con- 
dition of yaw-heel still leaves a ai problem for the naval architect. 

Center of Gravity. It will be apparent from any study of the mechanics of 
stability that the proper selection of proportions and forecasting of meta- 
centric height is contingent upon an accurate knowledge of the position of the 
center of gravity. In presenting a brief account there is little choice but airily 
to dismiss it as having a ‘‘given"’ position, but unfortunately in the uncharitable 
realm of the general practioner the position is not given and has to be assessed 
by calculation. 

In small and simple structures, the calculation of center of gravity may be a 
fairly straightforward and not particularly laborious process, but with increase 
in size and complexity of structure and contents of a ship, the location of G 
becomes less amenable to direct calculation and more a matter of estimation 
by comparison with existing types in which G has been definitely ascertained 
by an inclining experiment. 

In the work-a-day initial processes of building say a large liner, the most 
disconcerting aspect of any dubiety as to the accuracy of the estimated position 
of G is that once the lines or form of the ship have been selected and work 
of construction set in motion the naval architect has, as ic were, ‘“‘burnt his 
boats”, for the position of M and other tm Seg act are then irre- 
vocably fixed. At that early stage the conception of much of the contents is 
inevitably general rather than detailed and in large measure undecided as to 
precise material or weight, so contemplation of subsequent accretion of weight 
particularly in top-hamper associated with the contents of tiers of passenger 
accommodation and superstructure can make.the harmless symbol .G into 
what someone feelingly described as a naval architect’s. nightmare! 

There is here a:divided responsibility inasmuch that, of the total weight, a 
substantial proportion is contributed by the propelling machinery, electrical 
and other installations for which the naval architect’s engineering colleagues 
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assume liability and provide the initial estimates of weight and position of 
center of gravity. . 

No doubt in the light of mutual co-operation referred to in the introduction 
and the implications of this review as to the far-reaching effects of any unpre- 
meditated increase in the height of G, any appeal for the exercise of particular 
care in the forecast and discretion in the introduction of top weight will meet 
with a suitably sympathetic response. 

Standards of Stability. Ever since the days when ships first became products 
of engineering-science, much thought has been devoted to devising some 
definite rules or minimum standards of stability to guide the designer, but 
confronted, with the infinte variety of sizes and types of ships, each with their 
multifarious conditions of loading and the wide divergence of conditions 
encountered in sea service, the subject has proved so complex that no simple 
solution or formula has yet emerged. 

Those in whose province lies the safeguarding of the sea traveller demand 
that the competent authority must be satisfied that a ship has sufficient 
stability, but what constitutes sufficient stability is a matter on which there 
are many opinions but few established rules. 

In the case of passenger ships a near approach to standardization is found 
in the requirements ofthe Safety Convention with»respect to subdivision and 
flooding. ‘ There it is laid down that in-certain arbitrarily assumed conditions 
of side damage aad accidental flooding the stability conditions shall be such 
that the’margin line, which defines the upper limits-of the watertight divisions 
and ship's side,.shall not be submerged; neither shall the resulting angle of 
heel be so large as to prohibit the manipulation of the lifeboats. 

In general the problem resolves-into reconciling two conflicting considera- 
tions. It has been already emphasized that small metacentric height is 
desirable from the point of view of easiness at sea, but on the other hand the 
stability must cater for:— 


(1) Accidental flooding and resulting heel. 

(2) Preventing undue heel by crowding of passengers to one side. 

(3) Preventing undue heel, when encountering strong side winds or in 
turning at speed under helm. 


The solution lies in providing the least metacentric height that will satisfy 
these. three conditions. : 

Just twenty, years ago a special committee appointed by the American 
Marine Standards Committee issued a report on their very comprehensive 
survey on. the subject of stability and loading of ships, and recommended a 
procedure and formulae for determining a minimum standard of stability. 
One recommendation which found universal acceptance was that full technical 
information on the stability qualities of every ship should be put at the dis- 
posal of the operating personnel, who hitherto has been left more or less to 
their own devices, and this is a course which is now a legal ebligation in the 
terms of the Merchant Shipping Acts. 


APPENDIX. 


Floating Sectional Model for illustrating Transverse Stability. The\model is 
constructed of transparent plastic material and resembles a short section cut 
from the middle of an orthodox ship form. It weighs complete about 714 Ib. 
and is so proportioned as to float, with about two-thirds of its velume im- 
mersed, in a glass walled tank with sufficient clearance to give freedom of 
movement in the transverse direction. : 

There is a central adjustable ballast weight of 414 lb. which can be ed 
at any desired level to raise or lower the center of. gravity, and two smaller 
weights on top to provide eccentric loading. 

‘o illustrate free surface effect a compartment is built into the bottom 
much ‘in the fashion of a ship’s double bottom tank, which when half-filled 
contains about 34 Ib. of water. A portable block of solid ballast also weighing 
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34 |b. is situated at the same level as the centroid of the half-filled tank and 
can readily be substituted for the water in the tank. 

Although for purposes of demonstration any arbitrary section would suffice, 
the model has actually been developed from a ship's body plan to constitute 
from the point of view of transverse stability, what might be termed an 
equivalent section which takes into account the shaped form: » That is to say, 
at any draft the waterplane of the model has the same relative area and 
moment of inertia as the corresponding waterplane in the ship form, and con- 
sequently a similar height of metacenter (M) and mobility of (B) in the trans- 
verse direction. For static conditions therefore the model will closely repro- 
duce to scale the angles of heel and behavior of the parent ship form of which 
the body plan is shown in Fig. 16. 

In producing the equivalent section it is assumed that the usual waterplane 
areas and inertias have been calculated from the ship's lines and are already 
tabulated. Now if at the level of each curved waterplane an equivalent 
rectangular plane is substituted which has the same area and J, the volume Vv 
and hence BM will be unaltered and subject to certain adjustment for length 
variation the single section bounded by the widths of these equivalent water- 
planes will have substantially the same geometric properties as the whole 
curvéd form. j 

Referring to Fig. 16, the procedure is that knowing for the ship’s waterplane 
I = area X B? X a factor, the factor is readily calculable (X). 

Also that for the equivalent rectangle J = Area XK 6?/3. 

From which we must have B? X X = b?/3. 


“b= B VIX 
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The length of the rectangle will be given by area/b. The lengths of the 
rectangular planes are larger at the higher levels and this is simply taken into 
account by variation in the longitudinal or short dimension of the model, 
appearing as a slight taper from top to bottom. ' 

‘The accompanying photographs show a few examples of the operation of the 
model and how it may be used to give a convincing demonstration of the 
effects of free surface in the internal tank. 

Fig. 18 is a normal stable condition. M is approximately at the water level 
and G is 1.9 inches below M. The proportions can be judged from the draft 
of the model which is roughly 6 in. With such large metacentric height the 
introduction of free surface in the internal tank will still leave a good margin 
of stability. 

: ig. shows the effect of eccentric weight with the condition otherwise as 
in Fig: 18, 

Fig. 20 shows liquid weight substituted for solid weight and the detrimental 
effect of introducing free surface into the condition illustrated in Fig. 19, the 
angle of heel increasing from 15° to 20°. 

In Fig. 21 the central ballast weight is raised until G coincides with M and 
the metacentric height is nil. The model remains upright but is in a condition 
of — initial stability. Nevertheless it will tend to return to the upright 
if canted. 

Fig. 22 shows liquid weight substituted for solid weight and the effect of free 
surface as applied to condition in Fig. 21; producing definite instability in the 
upright position and an angle of list of 18° to either side although all weights 
are symmetrical. 

Fig. 23 shows a condition with G raised about % in. above M, resulting in 
instability in the upright position and an angle of list of 21° to either side. 

Fig. 24 shows a particularly dangerous condition with heavy list due to 
instability in the oe condition, yet having the weights eccentric in the 
opposite direction to the list. 


INDUSTRY’S STAKE IN ATOMIC ENERGY. 


This article by Robert Colborn is reprinted from Chemical Engineering for 
March, 1947. It a a very good overall picture of the present organization 
for handling the development of atomic energy applications in this country. 


Ever since Hiroshima, speculation has been rife on the implications of 
atomic energy on human society. Although many people are still inclined to 
act as though it were a private problem of statesmen, soldiers and physicists, 
alert engineers and businessmen are aapenning to realize that atomic energy 
will have far reaching effects throughout industry. Research in atomic 
energy is fast ane and its results must be considered in any long range 
industrial planning. It should, therefore, be well to know the direction of this 
research and how it is being carried out. 


Power GENERATION. 


Commercial poraaieds of electric power from atomic engines is thought by 
many to be only about five years away. Experimental production of power 
ona cubatantlal bcale will be under way within a couple of years at at least 
three places—Oak Ridge, Schenectady, and Chicago. This is much sooner 
than was being predicted a few months ago and reflects promising results. of 
preliminary investigations. 

Power piles will be designed to operate at temperatures similar to those of 
a.modern high-pressure steam plant. Fluids such as molten bismuth, sodium- 
 erigeessow oys or others which can reach high temperatures without reagan 

igh pressures, will first be heated in the pile and then used to generate hi 

ressure steam. New piles of the Clinton laboratory at Oak Ridge and the 

nolls laboratory at Schenectady are specifically designed for power production. 
The Argonne laboratory’s new pile at Chicago, though intended for general 
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experimentation, will run at high temperature and will incorporate a heat 
exchanger. 

Cost will not be an obstacle to the use of atom-fueled electricity: The 
figure of 8 mills per Kwh. which has been estimated is some 30 per cent higher 
than costs of coal-generated power in areas where coal is plentiful. But it 
would make atomic power economical in any area where coal costs more than 
about $10 a ton. 

A complicating factor in costs is the question of byproducts. An operatin 
pile always produces valuable radioactive materials or may perhaps be use 
for experimental, metallurigcal, or chemical oe 8 other than power pro- 
duction. Pricing of atomic power is likely to involve some of the complications 
encountered in distributing the costs of a multi-purpose hydroelectric project. 

Supply of atomic fuel does not appear to be any obstacle either. Uranium 
and thorium, the two known fuels, are rather plentiful. Known world re- 
sources of good ore are said to be sufficient to meet the world’s total power 
need for something like twenty years, and exploration for uranium has been 
intensive for only a few years. Extraction from low grade sources—granite, 
shales, seawater—has hardly been studied at all. 

The peculiar characteristics of atomic power sources are perhaps more 
significant than cost factors in assessing the industrial effects of commercialized 
atomic energy. As of now it appears that: 

1. Atomic energy may be most readily and economically used in large 

installations. Plant and operation costs for small plants are out of 
proportion to the useful energy produced. 


2. Technically, the power output of any atomic device is extremely flexible, 

‘can vary easily from a few watts to the level of an atomic bomb. Output 

of a power plant is limited only by the capacity of the heat transfer 
system to absorb the power: 

3. Economically, an atomic power plant would resemble a hydro plant in 

needing a high load factor. Once the plant was fueled up, cost of fuel 


replenishment would be a minor factor... Fixed capital » which 
continue no matter what the output, would be the large element in cost. 
However, labor cost is a larger factor than in conventional ts, Much 


of the labor would be in the ‘‘ash removal” chemical plant and could 
vary somewhat with the power output. ‘ 


4, Most novel and perhaps most significant feature of an atomic power 
plant is that it is completely independent of transporation. Because its 
fuel input is measured in pounds rather than tons, it can be put wherever 
power is needed. Not only does this simplify problems of electricit 
transmission, but it can have a profound effect on the geography of ail 
the heavy power-consuming industries, It might become economical, for 
instance, to make aluminum near the bauxite fields rather than transport 
bauxite to a power supply. 


IsOTOPES. 


Of wide significance is the manufacture of elements not found at all in 
nature—the so-called ‘‘radioactive isotopes.” These are elements with the 
same chemical properties as the natural elements but possessing the additional 
property of emitting radiation, much as radium does. Radioactive forms of 
nearly every element can be manufactured in quantity in an atomic pile. 

The research and medical value of radio-isotopes has been well publicized, 
but their potential usefulness in many industrial processes is not as) widely 
realized. ‘Two types of use are promising—as radiation sources and as tracers. 

Production of radio-isotopes is still so small as to limit their use to labora- 
tories, but they will be available to industry also within a year or two. An 
wide use of power piles would make radio-isotopes an available industrial tool. 

Developed in a country which, more than any other, stresses private enter- 
prise as the key feature of its economy, this new and far- i Soonpoloey 
was immediately and almost unanimously seen as a thing which had to 
socialized. There was no serious dispute in Congress last year as to giving 
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the government complete control over the new industry; the May-Johnson 
and McMahon bills both did that. The fight was over the secondary question 
of what branch of the government should exercise the control. 

More, the idea is being taken seriously that introduction of such a funda- 
mental new factor into the world’s economy is a matter for the organized 
efforts of the entire human race. The U. S. government is officially sponsoring 
a proposal to create an entirely novel form of political instrument for inter- 
national socialization of the atom. 

It's hardly. sur ising therefore, that confirmation of the membership of the 
Atomic Energy Commission set off a senatorial battle rather more bitter than 
that over.the basic legislation. . The confirmation question gave Congress and 
industry.a second look at the problem after appreciation of the sweeping 
nature of the issues had. become clearer. 


THE SOCIALIZED INDUSTRY. 


By the terms of the McMahon Atomic Energy Act, every phase of atomic 
activity is under complete government control. Key activity is the manu- 
facture of fissionable material. This is a complete government. monopoly. 
It is illegal for a private person to own any fissionable material or any equip- 
ment capable of producing it. Only exception is that equipment capable of 
producing negligible quantities may be used for research purposes, subject to 
a government license. All patents in this field are wiped out. No patent can 
be granted on any discovery usable solely in production of fissionable material 
and any such patents previously existing have been cancelled. Moreover, all 
patents are nullified as far as production of fissionable materials is concerned; 
any patented article or process may be used without regard to the patent. 
Anyone who makes a discovery in this area is required to bring it to the 
commission, [ 

Private ownership of uranium, thorium, or high-quality: ores of these 
materails is Still legal, but ‘all dealings in them, once they leave the ground, 
are subject to a license from the commission. AEC may requisition or con- 
demn such materials or any land containing deposits of them. 

Private ownership and operation of devices using atomic energy is also legal 
—but only if the commission grants a license for them. It's entirely up to the 
commission whether it will grant a license; no standards are set except the 
public welfare and security and the maintenance of free competition. 

The commission itself may also finance or carry on development of methods 
to utilize atomic energy. The law says nothing as to how the commission 
shall handle the applications it develops, except that any power produced may 
be used by the commission itself, turned over to other government agencies, 
or sold to public or private utilities under contracts providing for reasonable 
resale rates. ? 

Either through ownership or through its licensing powers, the Atomic 
Energy Commission has complete control over the rate aad the manner of 
introduction of) nuclear technology into industry. And the law leaves the 
commission almost unlimited discretion. Congress did not intend this situa- 
tion to be permanent. It’s a temporary arrangement until the problems 
involved become clearer. For all its powers, therefore, there is a tentative , 
aspect to every decision of the commission. Essentially it's an interim body, 
carrying on until the situation has settled down enough to permit long-range 
decisions. Inevitably, however, the present AEC will be setting patterns, 
creating vested interests, that can’t help influencing the Congress when. the 
time comes for another review of the situation. 

The atom is going to be a political issue, and an important one, for a long 
time to come—taking its place alongside such economic-political questions as 
public power, taxes, labor relations. The international negotiations on the 
atom now making their sluggish way through the UN introduce another big 
element of uncertainty. © 
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PATTERN FOR OPERATIONS. 


Eventually, the AEC will have to deal with a long string of economic and 
social questions—timing the commercialization of atomic processes, working 
out procedures, setting priorities, easing the impact on competitive industries, 
establishing prices. ese are still several years away. 

The commission is actively seeking answers to a lot of immediate questions. 
It needs a patent policy based on the novel and still uninterpreted provisions 
of the McMahon Act; a consulting group of patent experts is working on this 
now. ‘The commission has a group of leading accountants trying to work out 
a decentralized financial system for it which will minimize red tape; objective 
is a large measure of autonomy for individual units within the limits of an 
annual budget. 

On one major point, commission policy is fairly well established. AEC will 
continue the Manhattan District policy of operating all its plants and labora- 
tories by contract, rather than as purely governmental agencies. When AEC 
took over, about 50,000 of the atom workers were on contractors’ payrolls and 
only about 5000 were drawing government paychecks. This proportion is 
scheduled to decrease if anything. 

In some cases the contractual relationship od oss nominal. The con- 
tracting firm may have been especially organi for the job the con- 
tractor’s connection with the work may hardly extend farther than putting its 
name on a document and appointing a staff satisfactory to AEC. Here, the 
practical effect may be pretty close to that of a quasi-public corporation. In 
other cases, of course, the contractors are very much in the picture and are 
exercising a large voice in policy. 

Terms of AEC contracts are still treated as secret. It is known, however, 
that they are on a non-profit basis—cost-plus-nothing or plus a fee of $1. 
Cost in the contracts, however, is inte ted rather more broadly than in the 
standard fee contract so as to protect the contractor against any possibility of 
out-of-pocket loss. 

There’s sone question how long the non-profit arrangement can be main- 
tained. Many businessmen doubt that the commission can get the wide 
industrial. participation it wants unless it provides for some return to its 
contractors. 

The issue is sharpened by the precautions AEC is taking in an effort to 
prevent giving its contractors too much of an inside track on ultimate com- 
mercialization of atomic energy. Chief among these is the device of an 
advisory or consulting board for each contractor, representing a range of 
interested outside firms and assigned definite rights under the contract. 

This idea was first developed by the university’ le who've been workin 
out schemes for administration of research, but it’s being inserted by AE 
into its contracts with industrial firms. Thus the contract coverin neral 
Electric Co.’s operation of the Knolls laboratory not only specifies that mem- 
bers of the advisory committee must be given complete access to this work 
but also requires G. E. to appoint to its laboratory staff people nominated by 
the advisory firms up to a maximum of 15 per cent of el. 

Asa result, there’s a feeling among some s that under the present set-up 
they would be as well off represented on advisory committees as they'd be 
with all the headaches of actual management. hs 

Some time in the 1950's the Atomic Energy Commission may turn out to 
be one of the most powerful economic planning cies in the federal govern- 
ment. _ For the present, AEC is a long way from that. It isa research agency, 
expanding our knowledge of the underlying principles of nuclear energy and 
learning the technics of applying it. 

The commission's research work now centers at four laboratories inherited 
from the Manhattan District. Three additional laboratories are under con- 
struction, and the commission has contracts for specific research projects with 
more than a dozen universities and research 

The four functioning laboratories are: (1) Clinton Laboratory at Oak Ridge, 
operated by the. Monsanto Chemical Co.;.(2) Argonne Na Laboratory at 
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Chicago, operated by thé University of Chicago; (3) Berkeley Radiation 
Laboratory operated by the University of California; (4) Los Alamos Labora- 
tory in New. Mexico, also operated by the University. of California. “New 
laboratories in the works are the Brookhaven National Laboratory being 
built at Patchogue, Long Isane, which will be operated by a group of eastern 
universities; the Knolls Laboratory at Schenectady, to be operated by General 
Electric; the Dayton Engineer Works near Miamisburg, Ohio, to be operated 
by Monsanto, 

This assortment of facilities represents the remnants of the bomb project 
which AEC takes over. There are still a lot of decisions to be made as‘to how 
research will eventually be handled. But the way policy is shaping up suggests 
that the final pattern will include these elements: 


PATTERN FOR RESEARCH. 


1. The Los Alamos laboratory as a center for actual weapon development. 
Although this is a pretty definitely governmental job, it will probably con- 
tinue to be operated, at least nominally, by the University of California, 
in accord with the AEC administrative policy of avoiding the straight 
civil service type of set-up. 

2. Three or more laboratories operated by industrial firms and assigned 
pretty specific objectives. Thus the General Electric laboratory at the 
Knolls is to concentrate almost exclusively on generation of usable power 
from atomic piles. Monsanto's Clinton laboratory will probably empha- 
size the chemical problems of pile operation and the production of 
isotopes. Work to be done at the Dayton works has not been revealed. 
Associated with each of these industrial labs there will be an advisory or 
consulting group of other industrial firms, who will thus be enabled to 
keep in touch with what is being done and to make what contribution 
they can. 

3. Most of the more fundamental research will center around a group of 
“regional” or ‘‘national’’ labs. Much of the outside contract research 
will eventually be handled through them, and they will be intended to 

uide and finance the bulk of university nuclear research. Argonne and 
| va ach are the two such units approved so far. Another will very 
likely be formed on the West Coast around the present Berkeley lab. 
Later there may be a southern lab and one in the northwest. 


Central theme at the Argonne lab in Chicago is the design of atomic piles— 
at a somewhat more fundamental level than the engineéring approach involved 
in the power production program. Immediately engrossing problem is to 
work out the features and characteristics of piles which run hot, at tempera- 
tures in the neighborhood of the 900 deg. level of modern steam plants. 

But including and stretching beyond this job are a whole range of problems 
to be investigated. . Relative merits of different moderators such as graphite, 
heavy water, beryllium. Characteristics of piles using uranium with various 
degrees of enrichment in U-235 or plutonium. The metallurgy of uranium 
itself, so little studied before the war that not even the melting point of 
metallic uranium was known with any precision. Mechanical, chemical and 
nuclear characteristics of structural pile materials under the conditions of an 
atomic fire will be studied. ’ 

Early indications are that the Brookhaven National laboratory will focus on 
basic nuclear research. .It will work on such things as the nature of the differ- 
ent sub-atomic particles; the properties of the mysterious “‘binding force” that 
holds them ther in the atomic nucleus and whose release is the source of 
the energies of the atom, 

If and when a national laboratory is set up on the West Coast it will probably 
inherit from the Berkeley Radiation Laboratory its interest in the design and 
construction of particle accelerators (“‘atom smashers’’).’ These rank with the 
atomic pile as principal tools of nuclear research. 

Although each of the national laboratories seems destined‘ to evolve or be 
assigned its own field of concentration, each of them “also ‘serves ‘a’ second 
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function—as a regional center for the nuclear research carried on in all the 
neighboring universities and research institutions. 

In the first place each laboratory will be a pool of equipment for the univer- 
sities. Negotiations are now in progress between AEC and the military 
services to insure that in future most major government-owned equipment 
will be centralized at the labs, where it will be available to a broad pone: 

In general government financing of university atom studies will channel 
through the regional labs. AEC will not simply farm out to the universities 
work it wants done; it will also help finance almost any worthwhile research 
in the field. 


THE REGIONAL ROLE. 


At each of the labs there will be at least three different levels of work under 
way: First will be the research carried on by the permanent laboratory staff. 
This is where the field of concentration of the particular laboratory will have 
most influence. Second will be so-called “‘sponsored’’ programs of research. 
These will normally originate when someone on a university staff brings in a 
line of work he'd like to undertake—and the work seems to fit rather definitely 
into the AEC program. 

Still a third will be when one of the universities might bring in a job of 
research which involves the principles or the equipment of nuclear physics but 
has no very clear connection with AEC work. Then, if the project looks 
sound from the scholarly point of view, the lab might make it a ‘‘partici- 
pating”’ project. 

This whole system, still in an early and somewhat tentative stage, has been 
drawn in terms of university problems. Little thought has yet been given to 
the possibility of use of the regional laboratories by industrial researchers. 

Although the national laboratories have both a national and a regional! role, 
it’s their regional function that has dictated their administrative arrangements. 
Within very broad limits, the labs will be run, their policies and programs will 
be determined, by the neighboring universities. 

Legalistically, this can take several forms. Brookhaven is to be run by a 
specially-formed corporation—Associated Universities, Inc.—organized by 
nine eastern universities. Because the midwestern state universities lack 
legal authority to organize corporations, the Argonne laboratory: is being run 
by a single institution, the University of Chicago, subject to a sort of board of 
directors from 24 other institutions. 

This approach was not originated by AEC. | It’s the result of several years 
of discussion and thought by. university people connected with the: bomb 
project. It’s their answer to.the problem of reconciling the obviously neces- 
sary government financing of nuclear research with the freedom from regi- 
mentation which they also want. 


INDUSTRY PARTICIPATION. 


The atom is one bandwagon that U. S. industry has shown little eagerness 
to get aboard. Of the hundreds of companies involved in the bomb project 
during the war many are unattracted by the post-war atom program; seme 
have pulled out. Notable example is Du Pont which gave up the operation 
of the Hanford plutonium works last fall; similarly Eastman, which operated 
the now largely abandoned electromagnetic separation system at Oak Ridge, 
shows little interest in taking on other atomic work. 

Among the few companies which, postwar, are broadening their atomic 
activity are Fairchild Aviation, General Electric, and Monsanto. Fairchild is 
handling AAF research on atomic propulsion of aircraft (the so-called NEPA 
project). General Electric is operating Hanford and will run a new AEC 
laboratory at the Knolls outside Schenectady. Monsanto took over new man- 
agement of the Clinton laboratory at Oak Ridge in mid-1945 and is building 
a smaller laboratory for the AEC at its Dayton research center. — 

One reason for disinterest may be the inevitable socialization of atomic 
technology—inevitable not only because of its military and potential economic 
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significance but because of the huge sums which still have to be spent, without 
much hope of an early return, in order to exploit it. 

Industrial firms thinking about an aggressive program of atomic work, are 
necessarily gambling. They may eventually find themselves forced out of the 
pale, , They may never get to a position where they can make some money 

rom. it. 

One reason for the strong position which General Electric is assuming in the 
atomic field is that, for G. E., the gamble is safer than for most firms. | Officials 
of this company feel that the investment of executive effort is justified if only 
by the probability that exploitation of atomic energy will increase the world 
availability of electric power. With its strong position in the electric industry, 
the gomipany convinced that anything which increases the use of electricity 
can't help increasing the market for its products. 


GENERAL ELEctrIc Co. 


G. E. can see more direct commercial business in the atomic offing. The 
ultimate decision as to who shall build and operate atomic piles may throw 
them to utility firms, to a government agency, or to an international body. 
But, regardless, the odds are that there’ll be profitable business in furnishing 
the specialized and complicated associated equipment—the heat exchanges, 
the control devices, the chemical equipment: G. E. is determined to accumu- 
late early the know-how that will make it the logical supplier of that equipment . 

When G. E. assumed management at Hanford, the transition was smooth 
even though major changes are scheduled. One change is the establishment 
of an engineering and design unit. Du Pont never had one at Hanford, made 
use of its strong central engineering division in the East. G. E., which doesn’t 
centralize its engineering to the same extent, wants a unit at the plant. A 
small fundamental research unit has also been established at Hanford, chiefly 
to serve as liaison with the research people at Schenectady. 

Another new project is a school of nuclear engineering at Hanford. One 
man has been picked to head it, full time, and he'll draw on the plant tech- 
nicians for faculty. The school will train both Hanford people and outsiders. 
All these changes reflect one basic a in operating policy—the carrying 
on of a development program at Hanford. 

As it takes over on a peacetime basis, therefore, G. E. faces a long range 
program of modifying the whole operation. The ideal would be a set of piles 
from which most of the by-product power could be recovered, through which 
utanium could be circulated in an efficient and automatic manner, and with 
which would be associated a more or less automatic chemical plant which 
would do an economical and reasonably complete job of getting out the 
plutonium while extracting or recirculating the other components. 

Just outside Schenectady, construction is now getting started on the 
$20,000,000 Knolls atomic power laboratory. The first of the 200 or so 
scientists and about 600 technicians who will eventually work there are being 
recruited. The operation ‘should be rolling by mid-1948. 

Owned by AEC and operated by G. E., the layout will include at least one 
atoniic pile as well as physics, chemistry, metallurgy and engineering facilities. 

Although. the Knolls atomic power lab will do much of the research work in 
connection with Hanford, its primary job is to develop techniques for utiliza- 
tion of atomic power—both in equipment of the central. station type and for 
ship propulsion. Typical problem is that of the heat transfer fluid. A fluid 
must be chosen which has good nuclear Rronecties. This means it must not 
absorb, neutrons and so interfere with the chain reaction. It must not be 
transmuted by the energies of the pile into a less desirable substance. 

ically and chemically the fluid must be such that it can be handled, 
inside the pile, in pipes of a material which itself will have good nuclear 
properties and will retain its strength and chemical characteristics in the face 
of aay heat and fierce radiations of the pile. Since the fluid may not be 
water, its thermodynamic properties will need a lot of study for heat exchanger 
design, _Its corrosive action, if any, on other materials will have to be investi- 
gated. Extremely reliable means of pumping and valving it under conditions 
of great radioactivity will have to be found. 
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MONSANTO’S PART. 


Monsanto Chemical Co., AEC’s other big post-war contractor, is taking a 
much longer gamble on the atom than G. E. Where General Electric can 
look forward to specific profitable business out of almost any likely pattern of 
use for atomic energy, Monsanto has to look a lot harder to see much assurance 
of eventual profit out of its operation of the Clinton and Dayton laboratories 
for the Atomic Energy Commission. 

The company operates its atomic projects under the same no-fee, no-patent 
type of contract, but its feeling is that this can’t be permanent, that AEC will 
have to turn to a more liberal sort of arrangement if it's going to get the wide 
participation of industry that it needs. 

Nature of Monsanto’s atomic work at Dayton has been described, only as 
fundamental research continuing a wartime project. Known features of the 
Clinton laboratory at Oak Ridge include the most powerful experimental pile 
in the country and a large “hot lab’ for chemical work with dangerously 
radioactive materials. Clinton developed many of the chemical processing 
methods used at Hanford for extraction of plutonium and is now the center 
for manufacture of radioactive isotopes. 

Newest project at Clinton is the construction of a high temperature pile for 
power generation—the first such project to be announced. There's never 
been any public definition of the division of effort between Clinton and the 
Knolls on power generation. As a matter of fact there’s plenty of room for 
parallel activity without duplication. The researchers are anxious to try out 
dozens of different types of pile. 

But perhaps it can be assumed that Monsanto’s background will be especi- 
ally valuable in dealing with the chemical problems of uranium and plutonium 
circulation through the pile and extraction of fission products. 

At any rate, it’s along those lines that Monsanto foresees an eventuall 
profitable role for itself in the atom business. It’s convinced that there will 
have to be room eventually for proprietary rights in nuclear discoveries. -And 
though Monsanto may never operate commercial piles, there’s always the 
possibility of a commerce in so similar to the substantial, business, the 
company now does in licensing chemical processes. 

Again, there's the whole little-explored field of application of radiation to 
chemistry, which. it should pay a chemical concern to be in on. In. the 
pharmaceutical field, in which Monsanto is closely connected, there’ll be work 
to do in synthesizing complex compounds containing radioactive elements for 
medical tracer or therapeutic use. 


RECENT DEVELOPMENTS IN. ALTERNATING-CURRENT 
TURBO-ELECTRIC SHIP PROPULSION. 
This article by G. O. Watson of Lloyd’s is reprinted from the Journal and 
Proceeding of the Institution of Mechanical Engineers for March, 1947, and 
gives an interesting comparison of recent A. C. electric drive design 


Introduction. Propulsion by turbo-electric machinery has made impressive 
strides during the past decade and particularly during the war period; it is 
therefore opportune to review some recent achievements. In mere numbers 
the efforts in the United States are outstanding and make im ive reading, 
the figures for turbo-electric ships for the 6ie-year period, January 1939 to 
June 1945, being:— 


Aggregate .A ate 


gross, alt, 

Type Number tons horsepower 
Transport, P2 i ‘ ‘ f d 6 99,284 123,000 
Transport, S4-SE2-BD1 ‘ P 32 192,000,- ... 211,200 
Transport cargo, S4-SE2-BE1 ‘ ‘ 28:5 169,652 .. 184,800 
Tanker, T2-SE-A1 3 re P ‘ 438... 4,514,721 3,171,120 
Tanker, T2+SE-A2 i . 4 ‘ 40. 423,148... 400,000 
Tanker (Private interests) 7 é 3 7 75,165. 42,210 





Totals. ‘ ° : ‘ ‘ 551 5,473,970 4,132,330 
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These figures refer to merchant vessels actually completed and do not include 
those still under construction or naval vessels. 

While the figures for the United Kingdom are relatively insignificant, 
account must be taken of the entirely different wartime programs of the 
two countries. The figures are as follows and, the contracts having been 
placed in the concluding stages of the war, these ships are mostly still under 
construction :— 


Aggregate shaft, 


Type Number horsepower 

Bel ships : a : i ‘ : 4 30,000 

Tankers - s e : i i 3 39,000 

Passenger ¢ ¢ 1 13,000 

Cargo liners 4 36,000 
Totals 12 


118,000 


Early Developments. Before discussing more recent ships, it would perhaps 
be well to review early history in order to get a correct perspective. Credit 
for much of the early pioneer work must be given to the late Mr. Henry A. 
Mavor, whose perseverance and enthusiasm attracted much attention. About 
1911, largely at his own expense, he fitted out an experimental launch, the 
Electric Arc, which, although equipped with Diesel engines and not entirely 
successful, nevertheless demonstrated the possibilities of electric drive with 
alternating-current machines. His work eventually attracted the attention of 
the United States Navy Department, who commissioned his services, with the 
result that in 1913 the U.S. A. collier Jupiter, the first ship fitted with turbo- 
electric alternating-current drive, went into service. She had twin screws, of 
5500 Shp. and was subsequently renamed Langley. Converted into an air- 
craft carrier, she remained in service until sunk by enemy action in the Pacific 
during the recent war, after a wonderful life—for a pioneer—of over 30 years. 

Shortly afterwards (in 1914), the S. S. Mjolner, using Ljungstrém turbines, 
was completed in Sweden followed in subsequent years with some fourteen or 
fifteen similar vessels. 

The United States pursued this line of development and up to the end of 
1944 had completed more than 900 turbo-electric plants, totalling nearly eight 
million shaft horsepower. Outstanding among these were the aircraft carriers 
Saratoga and Lexington, each with four screws, totalling 180,000 Shp. In 
merchant shipping outstanding examples were the liners President Hoover and 
President Coolidge, each 26,500 Shp. on two screws. 

This recital of achievements would be incomplete without reference to Mr. 
W. L. R. Emmet. He contributed very largely to the pioneer work in this 
sphere, although his amibtion toapply the mercury turbine did not materialize. 

On the British side, the field was entered in 1918 with the S.S. Wulsty 
Castle followed by the more noteworthy S.S. San Benito in 1921. The latter 
deserves special mention because, together with the S. S. Cuba completed in 
the United States about the same time, it represents the first use of the 
synchronous motor for propeller drives, and all subsequent equipments have 
been based on this type. mpared with the asynchronous or induction type 
of motor, unity power factor and higher efficiencies are obtainable. 

British developments date from 1918 and, including those under construc- 
tion, now total 263,000 Shp., which does not include po Bas turbine schemes, 
in which steam from reciprocating engines is passed through an exhaust 
turbine su lying power to a motor on the propeller shaft. 

Mention already been made of the Ljungstrém turbine opptcasons in 

le one built in 


Norway and Sweden and to complete the picture we must inclu 
Japan, four in France, four in Germany, and two in Holland. 
ior to 1920, all alternating-current installations employed the asyn- 
chronous or induction motor. Adjustment of speed was obtained by a com- 
bination of variable resistance in the rotor circuit and by varying the speed 
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and thereby the frequency of the turbo-alternator, though in some installations 
squirrel-cage motors were used and speed control was entirely by varyin 
frequency. In the larger ships, such as battleships, use was also made o 
change-pole motors. Time will not permit entering into details of the many 
interesting features of these earlier ships, but sufficient has been said to indicate 
the type of equipment employed. 

Subsequent to 1920, the synchronous motor has been employed universally. 

Synchronous Motor Drives. The synchronous motor, as is well known, has 
negligible starting torque and the method used for starting and reversing 
depends on the incorporation of a squirrel-cage winding in the pole faces of the 
rotor so that the motor starts and reverses as an asynchronous or squirrel-cage 
induction motor. 


Methods of Control, To obtain the best torque conditions for maneuvering, 
it is necessary to reduce the frequency of the system ‘and the fratio chosen is 
usually about one-quarter of full speed, the controls being interlocked to 
ensure the proper sequence of operation. With normal excitation on the 
alternator, the stator voltage would collapse under the heavy starting current 
(four to five times full-load current) and the excitation is therefore boosted to 
approximately twice the normal when maneuvering. The sequence of opera- 
ion from stop is as follows:— 

(1) Close the direction switches, i.e. ‘‘ahead’’ or ‘‘astern’’. _ This connects 
the stators of the alternator and mctor for correct direction of rotation. 

(2) Energize the alternator field with double normal excitation. 

(3) When the instruments indicate that the motor and alternator are at 
approximately synchronous speeds, excite the motor and reduce the alternator 
excitation to normal. The propeller will now be running at approximately 
one-quarter speed and further speed adjustment is made as required. 


These operations are carried out by means of three levers, interlocked to 
ensure correct sequence of operation or alternatively by a single handwheel on 
which all the operations are carried out in the correct sequence. To reverse 
direction the three levers or the handwheel are brought to stop, the direction 
switches changed and the sequence repeated. The only variation in this 
method is that in some recent equipments the alternator field is not switched 
off in the stop position and the direction switches must therefore be suitable 
for operation under load conditions. Y 

Excitation. One of the drawbacks of this system is the necessity for mapas 
excitation of the alternator during maneuvering as it requires auxiliary D.C. 
power being available at all times to supply the extra current. In a typical 
13,000 Shp. equipment, the normal excitation is of the order of 27 Kw. (330 
amp. at 82 BS fo During maneuvering this becomes 107 Kw. (660 amp. at 
163 volts), and when the field windings are cold may reach 750 amp. or 122 
Kw., but it is, of course, only a short-time demand—say, 3 or 4 seconds-—on a 
simple maneuver up to about two minutes on a full-speed reversal. 

The chief variation between one equipment and another is in the method of 
obtaining the extra excitation and methods are by no means standardized. 
Systems which have been used comprise the following:— 

(1) Three-wire D.C. system. This was practically standard at one time in 
United States schemes. The three-wire system is used for ship’s auxiliaries, 
220 volts across the outer wires for power purposes, and 110 volts to the mid- 
wire for lighting, etc. For super-excitation ‘the field was connected to the 
outers and for mornal running it was transferred to the mid-wire. 

(2) Variable voltage exciter. : 

(3) Booster. If the ship system is 110 volts it is boosted to 220 volts when 
maneuvering but if the system is 220 volts a negative booster is employed to 
reduce the voltage for normal running. 

A variation of method (3) comprised the use of a three-wire balancer set 
with direct-coupled boosters making a four-unit set. It was used in the twin 
screw equipment of the S. S. Strathnaver and Strathaird in which the axuiliary 

C. supply was 220 volts. The balancer provided 110 volts for motor 
excitation and the boosters gave the required excitation for the alternators. 
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Having now reviewed very briefly the main principles of operation on the 
electrical side we can consider some recent equipments in detail. 

Recent Installations in.U. S. A. Outstanding, not only in the turbo-electric 
field but also in relation to marine propulsion in general, is the equipment of 
United States tankers of which the S.S. J. W. Van Dyke is the prototype. Built 
for the Atlantic Refining Company in 1938 to the requirements of their con- 
sulting engineer, Dr. Lester M. Goldsmith, their performance represents a 
distinct advance in marine propulsion and Sivecil cntes ships are now in 
operation. 

Particulars of the hull are as follows:— 


Larne eee P ‘ ;, ; ; ‘ pte _ 

engt tween perpendiculars) ‘ é 520 feet 
Breadth, iotided : f : ; 70 feet 
Draught : : 3 : 4 29 feet, 6 inches 
Block coefficient Z } £ : , 0.780 
Designed speed . : 4 : 13.25 knots 


As a result of tank tests at Hamburg and at the Washington Model Basin 
it was decided that a pronimanaty 5000 Hp. would be required and steam at 
600 Ib. per Be and 825 deg. F. was decided upon as affording the greatest 
economy. e third ay | of this series, the S. S..E. J. Henry, has a steam 
temperature of 910 deg. F. An outstanding consideration was that of rapid 
discharge of cargo and electrically driven pumps of approximately 1000 
having a total rated capacity of 10,500 gal. per min., are sievides. 

Special utions were taken in the layout to prevent impure water enter- 
ing the boilers, drained water subject to the ibility of contamination being 
re-evaporated. The turbines are arranged for three bleed stages. Three 
turbine-driven boiler feed pumps are provided, though only one is required in 
normal operation, and the exhaust from this is returned to the second bleed 
s . Boilers are of the straight-tube header type with air preheater but 
without economizers, and this type was selected with a view to low mainte- 
nance ee on account of simplicity of design. 

The res obtained from the log of voyage No. 12 of the S, S. J. W. Van 
Dyke are as follows:— 


Shaft Hp. : ; : ; , 080 

Total steam per shaft Hp.-hr. . : : ; 8.92 Ib. 
Percen of total heat from fuel to shaft . 22.7 per cent. 
Total fuel per shaft Hp.-hr. . a ‘ : 0.591 Ib. 
Percentage of fuel for auxiliaries : x 13.3 per cent. 
Fuel per shaft Hp.-hr. for propulsion only 0.512 Ib. 


The auxiliary D.C. generating sets are electrically driven from the main 
propulsion generator from 60 down to approximately 52 cycles per second, 
when the speed governor of the auxiliary steam turbine opens up and the 
auxiliary turbine takes over. The equipment is desi to incorporate 
modern power station practice, and complete automatic combustion control is 

rovided, including superheat control. This is so effective that, as proved 
of chart recordings, the superheat temperature actually drops when load is 
reduced. 
The turbo-alternator is rated 4600’ Kw., 60 cycles, 2300 volts and 3600 Rpm. 
The turbine is of the impulse type, fifteen stages with bleeding at the third, 
seventh, and twelfth, and has a speed range of from 900 to 3 Rpm. with 
corresponding propeller speeds of 22.5 to 94.5 Rpm. 

The electric controls have been simplified by combining Saat | and field 
control in one lever so that for operating the line contactors and field switching 


only one lever is used, and this is interlocked with the speed levers. Contrary 
to usual practice, an extra lever is provided for emergency use, which works 
creey om A throttle valve, and this permits hand control upto 75 per cent 
of full speed. . 























Fic. 2.—AssEMBLED Proputsion 6600 Hp. Turstne GENERATOR SET AND 
CoNnDENSER COMPLETE AS Usep 1N THE U.S.A. Turso-E.ectric TRoopsHIPs. 
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Fic. 3—CLosE-up View or THE GENERATOR ALONE SHOWING THE COOLER 
AND CoNNECTING Ducts MouNTED ON THE MACHINE SHOWN IN Fic. 2. 
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side. 





Fic. 4-—-U.S.A. Coast Guarp Cutter 4000 s.u.p. PROPULSION 
Motor AnD CooLtinc System. 
two air coolers are mounted on top of the motor frame, one at each 
Air taken from the motor room passes through the machine and then 
returns directly through the air coolers into the motor room. 
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Fic. 5.—Enotne Room Conrrot Boarp on 4000 s.n.p. U.S.A. 
Coast Guarp CurTTER. 
The propulsion control cubicle is in the center and the auxiliary switchboards 
y are adjacent on either side. 
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Fic. 6—Proputsion Turso-GeNneRATOR ON 4000 s.u.P. U.S.A. 
Coast Guarp CUTTER. 
In this case the generator air cooler is mounted in the structure below tie 
generator. The control board is in the background. 
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' Fic. 7—Moror or 13,000 s.u.p. For THE British TANKER R.F.A. “OLNA”. 

















Fic. 8.—Prorutsion Motor or 13,000 s.#.p. IN THE BRITISH TANKER 
R.F.A. “OLNA”. 
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10.—Controt PANet For Sincie-Screw 13,000 s.n.p. Dovusie-Unit 
Proputsion Motor 1n BritisH TANKER. 
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The main condenser is of the divided type so that, in case of a leaky tube, 
either side can be isolated and the tube plugged, with only slight loss of vacuum 
and without interruption of power. 

Excessive weight has often been held as one of the disadvantages of electric 
drive, and, while this may have been true in the early days, the use of welding 
and fabrication generally has had a very marked effect. The following 
figures for this installation are therefore of special interest :— 


Turbo generator : : - : : ; ; 40.5 tons 
Propeller motor ; 3 ; : : : : 48 tons 
Air coolers and fans . : ; : : : : 2.75 tons 
Control gear. : : : - : : rc 3.5 tons 

94.75 tons 


The total weight (wet) of the complete power plant and auxiliaries is 405 tons, 
equal to 0.08 tons per shaft horsepower which compares favorably with either 
geared turbine or Diesel drive. Stopping tests in the fully loaded condition 
gave a time of 5.08 minutes from full speed to all way off the ship, and the 
distance travelled was 0.40 nautical mile. 

It is of interest to turn now to the U. S. Maritime Commission single-screw 
tanker, type T2-SE-A1, of which 438 were built during the 6% years ending 
in June last. Although modeled on similar lines to the J. W. Van Dyke, 
important changes, due to wartime restrictions, had to be introduced. ‘For 
instance, the available supply of special steels. for such a large program had 
to be taken into consideration and this influenced the choice of steam condi- 
tions, with a consequent reduction in efficiency. as compared with the proto- 
type. The turbo-generator rating is 5400 Kw., 3715 Rpm., 10 stages, 2370 
volts, 62 cycles per sec., and steam conditions 435 Ib. per sq. in. 720 deg. F. 
at throttle valve. The synchronous propulsion motor is of 6000 Shp. and 90 
Rpm. normal rating but suitable for continuous duty at 6600 Shp, and 93 Rpm. 

It speaks well for the liberality of the design of all the items comprising this 
equipment—namely, the boilers, steam turbine, alternator, motor, and control 
gear—to record that to meet wartime conditions many of these ships are 
running continuously at 8000 Shp. Operation is by the standard method 
already referred to and excitation is obtained from one of the 75 Kw. exciters 
coupled in tandem with each of the two 525 Kw. auxiliary D.C. turbo-genera- 
tors, thus providing one standby exciter set. 

Figs. 2 and 3, are. views of a U, S. troopship equipment. 

Opinions differ.as to the necessity for arranging means for the automatic 
extinction of fire in the alternators and motors and British practice isnot to 
make this provision: it is, however, the American rule and also that of some 
Continental firms. In these particular equipments carbon dioxide is released 
and the field switch opened in the event of a fire in the windings. 

A method of arranging the cooling system in fegard to the propulsion 
motor is shown. in Fig. 4. The control-room panel of this installation is 
shown in Fig. 5. (See also Fig, 6, which shows a turbo-alternator.) 

Developments in Germany. \Pre-war Germany. was leaning more and. more 
towards Diesel-electric machinery with alternating-current ‘transmission. and 
was definitely electrically minded in her approach to propulsion matters... This 
trend was stated to be on the technical angen of greater efficiency, but there 
were also other considerations. ‘In the first place, orders were directed accord- 
ing to the district or factory it was desired. to employ. and, in the second place, 
edicts were issued that her merchant seamen were to-have a regulated amount 
af leisure time while their ship was in port. . The multiple-unit Diesel-electric 
plant, and to a lesser extent the turbo-electric plant, permitting as they did 
the shutting down of one unit for maintenance purposes without,appreciable 
loss of speed, enabled this to be achieved, . For instance, in a four-unit equip- 
ment, 91 per cent speed can be got from three units while the fourth receives 
attention, 
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It is interesting to recall that in 1935 a large-scale experiment was carried 
out by building three similar ships, the Potsdam, Scharnhorst, and Gneisenau. 
The last mentioned had geared turbines and the other two were turbo-electric. 

The equipments have been fully described elsewhere and comparative 
operating results have also been published. Each main propeller motor is 
rated at 13,000 Shp., 130 Rpm. and turbo-generators and motors, contrary to 
normal practice, are constructed for an overload of 25 per cent. Steam condi- 
tions are 750 Ib. per sq. in. at 842 deg. F., except that, on the Potsdam, which 
has Benson boilers, the pressure is 1200 Ib. per sq. in., the temperature being 
the same. The Gneisenau and Scharnhorst both have Maierform hulls, but 
the Potsdam is of entirely different form, having a bulbous bow. 

The mean operating results for the year 1937 were:— 





Scharn- 
Gneisenau horst Potsdam 
Voyages Voyages Voyages 
5-8 6-9 6-9 
Displacement, tons mean ’ ; 22,600 22,900 20,440 
S at sea (average), knots . 3 19.82 20.0 19.7 
ngine power, shaft horsepower mean 22,000 22,600 18,700 
Days at sea . 5 ‘ 5 . 232 227 154 
Boiler oil consumption (total), tons . 38,439 36,619 37,882 
Boiler oil at sea, tons ; i ! 30,319 33,603 35,623 
Boiler oil at sea, tons per day . “ 156.7 147.9 154.05 
Boiler oil Ib. per Shp.-hr. . 0.65 0.605 0.755 
Boiler oil at sea, Ib. per hr. 0.069 0.065 0.06 


Deadweight X speed, tons X knots 


French Ships. Although French installations are by no means numerous, 
they include the impressive, if ill-fated, Normandie: in her day the largest and 
most powerful liner afloat and, at that time, the holder of the Blue Riband for 
the fastest Trans-Atlantic crossing, with an average speed of 29.94 knots from 
east to west and 30.31 knots for the return journey. During this trip, con- 
denser trouble necessitated one set having to be shut down, with a reduction 
in yo of only 2 knots; an operation which took three minutes to accomplish 
and which would have been quite impossible with geared turbine drive. 

The plant consisted of four turbo-alternators each of 33,400 Kw. and 2430 
Rpm., and if we add to these the auxiliary generating plant totalling 13,000 
Kw., we have a floating power station with a total of nearly 150,000 Kw. The 
four propeller motors were each rated at 40,000 Shp. at 243 Rpm. and 6000 
volts. At reduced speeds, such as would be required on winter schedules, one 
turbo-generator can drive two shafts, so that two turbo-generators can be 
shut down with a bag gtr economy of the order of 8 to 10 per cent. 
Under these conditions the stationary sets can be overhauled, thus reducing 
eye periods to a minimum. Steam was supplied by water-tube boilers at 

Ib. per sq. in. pressure and a temperature of 680 deg. F. 

The turbine had two cylinders, the high-pressure turbine having thirteen 
stages, and the low-pressure turbine was of double-flow design with three 
stages in each section. The rotor shafts were particularly stiff, their critical 
speeds being 30 per cent above the maximum running speed. Five tandem, 
motor-driven exciter sets, with a separate exciter for each motor and alter- 
nator, left one set asa standby. During trials, a maximum speed of 32.2 knots 
with 165,000 — at a displacement of 68,000 tons was recorded and fuel 
consumption on her maiden voyage was stated to be 0.71 Ib. shaft Hp.-hr. 
for all perpen In succeeding voyages an average of 0.649 lb. per shaft 
Hp.hr. hour corrected to a calorific value of 19,000 Btu. per Ib. of fuel oil was 
achieved. 

Some Recent British Equipments. The present program of turbo-electric 
construction, in addition to a repeat of the S. S. Rongitirs for cross-channel 
Na between Christchurch and Wellington, falls into three groups as 

ollows:— 
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Shaft Propeller 
speed 


Gross horse- 
Description Number tons power Rpm. 
Bel ships. ‘ ; s ‘ 4 7,800 7,500 119 
Tankers : ‘ : ’ : 3 13,000 13,000 122 
Cargo liners ‘ ‘ . , 4 10,000 9,000 108 


The steam conditions are as follows:— 


Steam pressure Steam temperature 


at stop valve, at stop valve, 
Description Ib. per sq. in. deg. F. 
Bel ships . ; , - ; : 415 750 
Tankers ‘ 4 : i : : 425 740 
Cargo liners A : : - ; 800 : 850 


The equipment of the Bel ships follows orthodox lines, except in the control 
gear in which the reversing switches have been simplified in construction 
through the simple expedient of introducing a short time delay into the 
switching sequence. 

The tankers are noteworthy in that they revive ina, different form the 
system of transmission originally used in the M. V. Tynemount in 1912... The 
vessels are interided for high-speed operation at 16 knots under wartime condi- 
tions, but eventually the owners will be able to operate. economically at a 
slower speed of approximately 12.5 knots. Consequently, they are provided 
with two turbo-generators, in conjunction with a double-unit. motor on a 
single-screw or, in other words, two motors on one shaft. The two motors 
are identical in rating and at maximum power both are in operation, but at 
low powers only one need be used. Each alternator and motor forms an 
independent electrical circuit and the two turbo-alternators are in effect 
synchronized mechanically through the shaft of the double-unit motor (Fig. 7 
and Fig. 8). A diagram of the apesipe ites wiring circuit is shown in Fig. 9, 
the control panel being illustrated in Fig, 10. , . 

Maximum turbine rating is 5000 Kw., 4150 Rpm., 425 lb. per sq, in. gauge, 
740 deg. F. total steam temperature and the voltage is 3000-3200 three phase. 
The motor is rated at 13,000 Shp. at 122 Rpm. Steam for feed heating is 
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bled from the first and third stages. For maneuvering and speed control, five 
levers are provided as follows:— 


(1) Direction lever. 
(2) (a) Starting lever (port alternator). 

(6) Starting lever (starboard alternator). 
(3) (a) Speed control (port turbine). 

(6b) Speed control (starboard turbine). 


When operating at reduced power, only the appropriate starting and speed 
levers, i.e. port or starboard, are used, but at full power two levers are moved 
simultaneously. If, when running with one alternator, it is desired to bring 
in the second set, it is only necessary to bring the speed lever momentarily to 
the slow position, go through the starting sequence with the incoming starting 
lever, and increase speed. This is done in a matter of seconds, and without 
elaborate synchronizing. 

Full details of the cargo ships have not yet been released for publication and 
can be only briefly stated. They incorporate some advanced ideas and their 
performance will be watched with keen interest. Apart from the steam con- 
ditions, the chief items of note are that there is only one boiler and that the 
turbine has twin cylinders with reheat between cylinders. To provide a 
standby source of power in the extreme emergency of the boiler or the turbo- 
alternator being completely out of commission, a Diesel-driven auxiliary D.C. 
dynamo unit is —— in tandem with an A.C. generator which will give 
sufficient power to the propeller motor to maintain steerage way on the ship. 
A very low fuel rate is anticipated and it will be interesting to compare the 
cost of fuel with that of oil engines of similar capacity, bearing in mind the 
relative prices of the two kinds of fuel. 

Bridge Control. No installation of this type has yet been provided with 
bridge control, although one is now under construction in America. It is not 
a simple matter to arrange, and opinions differ as to the necessity. The time 
pol cy asi need would arise in an emergency calling for a “crash” stop in 
order to save precious seconds or even split seconds, but at all other times the 
normal telegraph system meets all requirements. 

Gadgets have an awful habit of failing just when they are most needed. In 
fog or in dirty weather it is customary to reduce speed and if this practice, 
with the aid of radar, is maintained, emergency stops should be less frequent; 
but if, on the other hand, Radar leads to higher speeds, ‘‘crash” stops will 
continue to be necessary. In this connection it is interesting to record that 
a vessel equi with radar recently proceeded down the St. Lawrence in 
dense fog at 20 knots, covering 480 miles in 24 hours. 

The Present Position. Having recorded some data in relation to a few of 
the more interesting installations of the past decade, it is proposed to review 
the present trend. We have seen how earlier installatiot.s consisted of induc- 
tion or asynchronous motors in conjunction with comparatively slow-speed 
turbo-generators operating in the region of 30 cycles per second, and it is not 
unnatural that criticisms were leveled at these on the score that not only was 
efficiency poor compere with geared drives but that the weight was exces- 


sive. ere is no doubt the control gear was also unnecessarily heavy and 
cumbersome. 


It must be remembered, however, particularly with regard to switchgear, 


that many factors were unknown at the time and electrical engineers during 
this pioneering stage had to play for safety, as any failure or breakdown, apart 
from its immediate consequences to the shipowner-and the crew, would have 
affected the whole future of this system. Troubles, both major and minor, 
fortunately were singularly few, however. 

The synchronous motor is not only higher in efficiency than the induction 
motor but, because it operates at uni wer factor, a-smaller alternator is 
possible. The advent of welding and fabrication results in a, considerable 
saving in weight in every direction, including the motor, alternator, turbine, 
bedplates, and condensers. Auxiliaries such as exciters are also lighter and it 
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will be noted that the speed of the turbines in many of the.examples quoted is 
of the order of 4000 Rpm, 

It is probable that a further saving in weight is possible by a review of the 
permissible temperature rise. Motors and alternators have in the past been 
very conservatively rated for temperature rise, and sufficient advantage has 
not been taken of the fact that these sets almost invariably operate with water 
coolers. Recognition must also be given to the superior types of insulation 
and improved technique now available when reviewing this question. 

Control gear similarly had to be liberal in design until experience had been 
gained in problems for which there is no parallel in land installations. .Experi- 
ence has shown that there is room for considerable reduction in the size and 
equipment and therefore in weight. The size of the control cubicle of the 
T2-SE-A1 tanker is an example of what can be achieved in this direction. 
For these 6600 Shp. equipments the whole of the control gear is mounted in a 
frame measuring 5 ft. by 5 ft. by 8 ft. and it is possible that this same control 
unit could handle considerably greater power. Reference has already been 
made to the fact that it is handling 8000 Shp. under wartime conditions. 

There has been a tendency in the past to over-elaborate control and 
there is a strong case for simplification. Foolproof interlocks should only be 
employed where a false operation would cause damage to the plant. re 
no damage but only Serene inconvenience would result, reliance must be 
placed on the intelligence of the engineer. 

The employment of automatic regulators, unless they are of very simple 
construction, for reducing excitation at low speeds, is of doubtful value unless 
accompanied by a trimming of the alternator design. In practice, stability of 
the electrical system is maintained if the ratio of iy the frequency remains 
constant and in some cases automatic regulators have been provi to main- 
tain this ratio. It means that at reduced s less excitation is needed, but 
it is questionable whether this small gain in efficiency warrants the expense 
and complication. 

On the other hand, whereas early designs without regulators gave a large 
degree of stability or torque margin to accommodate fluctuating loads in a 
seaway, the use of an automatic stability regulator does permit this margin to 
be reduced and smaller, lighter machines used. This. practice has been 
followed in the United States and a simple type of regulator in-conjunction 
with ‘“‘amplidyne” control, which enables treble excitation to be applied, not 
only means a saving of weight and size but considerably. reduces the time 
required for reversals. Dynamic braking to stop the propeller when reversing 
is also used in order to save weight in the machines. 

The eventual aim of electrical engineers is to supply auxiliary services from 
the propulsion system and this problem has not yet been solved:to their com- 
plete satisfaction. The ovina f lies in the fact that the propelling system 
works on a varying frequency. In the United States tankers, cargo pump 
motors are supplied direct at 2300 volts from the main. alternators at varying 
frequency as variation in speed is desired, and this is satisfactory as the pumps 
are only required when in port. 

The only solution so far adopted for seagoing auxiliaries has been to mount 
a synchronous motor in tandem with the auxiliary. turbine-driven D.C. 
generator. When in port and when the propeller is at. low speeds, the D.C. 
generator is driven by its steam turbine but at full ship:speed the synchronous 
motor takes over and steam is shut off. As vacuum is maintained on: the 
turbine the rotational losses are negligible. 

Voltage is limited at present by Classification Society requirements to 3500, 
and the reason for this is not generally appreciated.,.Machines and: cables 
could quite suitably be designed for higher voltages but the control gear is 
usually of the air-break type with arc chutes. of asbestos compound. ; These 
are hygroscopic and of relatively poor insulation resistance and: consequently 
unsuitable for much higher voltages. 

Oil-immersed switches were used in the early days) but contacts breaking 
current in oil are only suitable for infrequent operation. . When used for fre- 
quent switching rapid wear and. pitting occurs and the result is cumulative. 
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The cable runs are comparatively very short and the saving in weight resulting 
from a higher voltage would be insignficant; nevertheless, Classification 
Societies would no doubt lend a sympathetic ear to any sound scheme if a 
higher voltage were preferred. In some equipments 5000 volts have already 
been used and the T. S. Potsdam employed 6000 volts. 

It is not the purpose of this lecture to discuss the pros and cons of high- 

ure high-temperature steam for marine plants as it is a subject entirely on 
its own and, furthermore, offers no advantages to turbo-electric plant which 
are not equally appropriate to geared drives. The object of such higher 
pressures and temperatures is reduction of the fuel bill, coupled with reduction 
in bunker space and weight. Generally speaking, the cost of fuel in a modern 
vessel is from 11 to 15 per cent of the total operating costs, from which it will 
be seen that in actual fuel costs a considerable reduction must be made to have 
any appreciable effect. 

On the other hand, for tankers and dead-weight cargo vessels, every ton 
saved on the machinery represents a corresponding increase in cargo capacity: 
for bulky cargoes space is the main consideration and—since volume usually 
follows weight—the importance of these is apparent. The electric drive 
enables the motor to be placed abaft the cargo space, and, besides dispensing 
with intermediate shafting and eliminating its weight and that of its accoutre- 
ments, this arrangement also does away with the tunnel or tunnels which 
occupy valuable cargo space. Frictional losses in the intermediate shafting 
are of the order of 1 to 7 per cent of the power transmitted. 

Savings in cost of fuel and gains in other directions already mentioned 
which will result from higher steam pressures and temperatures, must be offset 
by increased capital and maintenance costs, not forgetting the availability 
factor, moisture content of the steam, and increase in scantlings, and therefore 
weight, of plant, steam pipes, etc. Taking all factors into account, it will 
probably be found that the most economic figure lies between 600 and 900 Ib. 
per sq. in. 

The combustion or gas turbine is now a practical means of propulsion and a 
Continental firm has a 10,000 Kw. set on order for a power station with a 
guaranteed thermal efficiency of 28 per cent. Such a high efficiency requires 
a large heat exchanger and it is claimed that, up to an efficiency of 26 per cent, 
the weight with a ig turbine is less than the corresponding weight of 
a steam plant. A Kw. set has been supplying the City of Neuchatel, 
Switzerland, since early in 1940. 

A disadvantage for marine work would be the poor performance at low 
loads, but nevertheless investigations are proceeding and in the United States 
an experimental combustion turbine for marine service has undergone a series 
of tests. The development of a pati combustion turbine will involve 
complications which ew f well be avoided very simply by adopting electric 
drive which operates with a unidirectional prime mover. 

Experience shown that marine engineers with no special electrical quali- 
fications have no difficulty in operating electrically propelled ships and, in 
fact, one operating company with a fleet of these ships prefers not to carry 
any electricians. ‘Neverthe it is preferable that the engineers should have 
sufficient electrical knowledge at least to carry out emergency repairs, however, 
and it is the practice of most owners to allow their engineers to stand by at the 


electrical works during the construction of new machinery. Consideration. 


my have to be given to an Electrical Endorsement of Engineer's Certificates 
of Competency in the same way that Diesel Endorsements are now granted. 

Experience has shown that maintenance charges on the electrical side are 
practically non-existent. For bear in the case of ‘two sister ships each 
with four screws, 19,000 Shp., publi s show that in one of them, in 


eleven years of service of a very arduous character, the total cost of upkeep 
was £109, and for the other ship, over a period of approximately nine years, 
it was £576. 

Changes in the national finances as an outcome of the war necessitate 
review of our pre-war a ss Unfortunately, the problem is complicated 
by the soaring cost of ho 


me-produced fuel but if we must use oil because it is 
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cheaper and more convenient than coal, we must at any rate see to it that we 
use as little as possible. Furthermore, if we are to regain our pre-war su- 
premacy and national earnings from shipping and freight-carrying it is 
imperative that our ships attain the optimum of efficiency and minimum 
running costs. Turbo-electric drive will certainly not be the solution to.every 
requirement, but will merit very serious consideration for ships of above, say, 
3000 Shp. but more seriously from about 5000 Shp. upwards. 


LUBRICATION CONSIDERATIONS IN GEAR DESIGN. , 


This article was prepared by the Technical Division, Industrial, Socony 
Vacuum Oil Co., and is reprinted from ‘‘Machinery”’ for May, 1947. It dis- 
cusses the factors involved in selecting proper lubrication for various gear 
designs. 


Gears will not operate satisfactorily unless a sufficient amount of lubrication 
is maintained between the surfaces of the meshing teeth. The very nature of 
gearing requires that provision for lubrication be considered early in the 
design stage. Power cannot be transmitted efficiently, nor the life of the 
gears extended to the economic maximum, if direct metallic contact of meshing 
gear teeth is permitted to absorb useful power and cause rapid tooth wear or 
early surface fatigue failure. On the other hand, even a combination of the 
correct gear design and a lubricant of the correct type does not guarantee that 
operation will be trouble-free, because some gears are inherently difficult to 
lubricate—the teeth may vary in hardness, degree of finish, and alignment— 
and the actual service conditions may be different from*the assumed design 
service conditions. 


Firm-FormMinG ABILITY. 


Like bearings, gears may be lubricated by a full film of oil that is drawn into 
the space between contacting surfaces, or by an extremely thin film of oil 
under so-called boundary lubrication conditions. The type of contact and 
relative motion between mating teeth decide which of these conditions exists. 

For example, consider the nature of contact between two spur gear teeth of 
customary form, as shown in Fig. 1. At top, the driving teeth are coming 
into mesh, and make their first contact with the trailing tips of the driven 
teeth. As the mating teeth go further into mesh, both a rolling and slidin 
action take place. The length of the distance traveled is relatively aa 4 
shorter for the driving teeth, representing roll, than for the driven teeth, 
representing slide. : ; 

The lines of contact become longer as the action proceeds. Finally, the 
teeth reach the center of mesh, and contact between them occurs only at the 
pitch line. The action is momentarily one of rolling. As the teeth begin the 
period of disengagement, rolling gives place to a combined sliding and rolling 
action but, in this instance, the longer distance of travel occurs on the driving 
teeth rather than on the driven teeth. 

The combined sliding and rolling action promotes the formation of separat- 
ing oil films, and hence of itself is a favorable factor in full fluid-film lubrication. 
When this fundamental action is applied to gear teeth of finite width, so that 
tooth surfaces rather than theoretical tooth outlines are involved, conditions 
may be different from the ideal just described. It will be found, as a result, 
that the several types of gears vary in their inherent ability to establish and 
maintain the substantial film of lubricant that is desirable for the most 
effective lubrication; this is shown by Tables 1 and 2. 

The action of the mating gears shown in Table 1 produces a situation that 
is illustrated by Fig. 2. The line of tooth contact is DAREN, or almost 
so, to the direction of the film-forming action, so that oil introduced into the 
teeth as they start engagement is drawn pestena between them, tending to 
form a separating film of substantial thickness and to prevent direct metallic 
contact. There is then no reason for film rupture or failure as far as the type 
of gear is concerned. However, boundary lubrication may be encountered 
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Gear; the Reverse is True as the Teeth Leave 
the Center of Mesh to Start the Period of Dis- 
engagement. The Rolling and Sliding Action 
Promotes the F. tion and Maint. of 
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Fig. 2. The Gears Shown in Table 1 are 
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of Full Fluid-lubricant Films between Meshing 

Teeth because They Satisfy Conditions Shown 

Here. The Direction of the Film-forming Action 
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when unit loadings increase sufficiently to rupture the oil film, or when the 
speed is so low as to hinder or prevent an ample flow of oil to the active tooth 
areas. 

In the gears shown in Table 2, point contact or marked side-slide is present, 
and these conditions are not favorable to full fluid-film lubrication. Boundary 
lubrication is usually the best that can be attained. 

Because of the difficult lubrication conditions inherent in ‘helical gears 
operating on crossed shafts, including non-throated worm-gears, such gears 
are customarily designed to handle low tooth loadings. Even then, lubrication 
will be of the boundary type, and unless the correct cils are used, it is doubtful 
if even boundary conditions can be maintained sufficiently to avoid excessive 
tooth wear. 

The difficult conditions present in single-throated worm-gears are partially 
overcome by making the gear itself of friction-reducing bronze. ‘This, together 
with the fact that several teeth are in contact simultaneously, helps to over- 
come the difficult conditions. Elastic deformation of bronze tooth surfaces 
increases the contact area and reduces unit pressures. 

The use of hypoid gears for industrial purposes need not be accompanied 
by lubrication difficulties. In contrast with automotive practice, space for 
accommodation of the hypoid gear set is ordinarily not unduly restricted. 
Consequently the gears can be made relatively large, with reasonable unit 
loadings, in order to eliminate the extremely high pressures that tend to force 
even the strongest, most adhesive oils out of the spaces between mating teeth. 
A correctly designed hypoid gear for industrial use should be consi y less 
difficult to lubricate thas a single-throated worm-gear, but somewhat more 
difficult than a spiral bevel gear. 

Summing up then, it is found that of the gear types in»widest use, spur 
gears, helical gears on parallel shafts, herringbone gears, bevel gears, and 
spiral bevel gears are inherently favorable to the establishment and mainte- 
nance of full fluid films. Double-throated worm-gears, in light of all present 
knowledge concerning them, are also apparently favorable to lubrication. 
Helical gears on crossed shafts and non-throated worm-gears are difficult to 
lubricate, especially if they are heavily loaded. Single-throated worm-gears 
and hypoid gears with considerable shaft offset are not favorable to full fluid- 
film lubrication, and boundary lubrication conditions will ordinarily prevail. 

Obviously, inherent capacity for easy or sufficient lubrication is not the sole 
criterion in the selection of a gear type. The designer has to consider other 
factors as well, such as available space, quiet operation, permissible tooth load- 
ing, load distribution over more than one tooth, angularity between driving 
and driven shafts, and speed ratio—all of which affect the choice of gear. 

In addition, the designer has a direct, although perhaps limited interest in 
manufacturing processes and control. Gear steels should be specified that 
are of known quality and are produced with close control over composition 
and uniformity. His interest should extend as well to consideration of the 
uniform reaction of the material to forging, machining, and heat-treating 
operations. Uniformity of raw materials and manufacture contributes to 
uniformity of product, a prime requisite in successful gear operation. 

Designed tooth loadings may be exceeded in operation because of variations 
in surface smoothness and hardness.or because. of tooth misalignment. Unit 
pressures may become so high that oil films are punctured or entirely squeezed 
away, and harmful metallic contact results. Also; when surface smoothness 
and hardness are not uniform, pitting is likely to occur; such pitting may grow 

rogressively worse when conditions are severe and cannot be prevented even 
y the use of.a correct, high-quality lubricant: 

A higher degree of surface finish on the gear teethmay be necessary. Pro- 
nounced surface irregularities cut through oil films and cause galling of the 
surface metal. 

LUBRICATING THE GEAR SET. 

To be of practical use, a gear must be supported on a shaft, which in turn 
is carried in some form of bearings. This suggests also the use of a housing 
or support for the bearings. The latter may be very elementary or may be 








Be te 


SR Sal NORE eG EE Sass 


palibai tine 


ee Ee hee nate 
ct Org Bes 
. 


—e: 





LN OR A PAA EPO NL IOP EA AT 8 














SPUR GEARS 


Spur gear teeth are cut straight 
across the face of the gear blanks, 
and the contact with respect to 
the mating surfaces is a line 
which may be widened, under. 
load, to a narrow band that ex- 
tends across the face of the teeth. 


HELICAL GEARS ON PARALLEL SHAFTS 


slanted line composed of the con- 
tact points of adjoining lamina- 
tions. Under Joad, this slanted 
line becomes a band extending 


BEVEL AND SPIRAL BEVEL GEARS 


Since the action of the teeth 
of bevel gears is like that of spur 
gears, they also are favorable to 
full - fluid-film lubrication. A 
spiral bevel gear can be regarded 
as a bevel gear whose teeth have 


DOUBLE-THROATED WORM-GEARS 
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Table 1. Gears Favorable to Formation of Full Fluid Film y 


This line of contact, being at 
right angles to the film-forming 
action, sweeps oil into the pres- 
sure area and is responsible for 
the ability of spur gears to main- 
tain fluid films of oil between 
contacting surfaces. 


across the face of the gear teeth, 
which is so nearly perpendicular 
to the line of film formation that 
helical gears on parallel shafts 
are favorable to full fluid-film 
lubrication. This also applies to 
herringbone gears, as the indi- 
vidual gear is basically two heli- 
cal gears on the same gear blank. 


been twisted to form a spiral. 
The line of tooth contact is 


nearly perpendicular 
of oil-film formation and this 
creates a condition favorable to 
fluid-film formation. 
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Table 2. Gears Less Favorable to Full Fluid-Film Formation 


HELICAL GEARS ON CROSSED SHAFTS 





When mating helical gears op- 
erate on crossed instead of par- 
allel shafts, the theoretical con- 
tact is always a point. While the 
point may be enlarged to a small 
circular area by deformation of 
the metal under load, the pres- 
sure is nevertheless high during 


contact. Furthermore, as with 
all gears mounted on crossed 
shafts, side-slide is present. Even 
though basic sliding and rolling 
take place during tooth contact, 
the resulting film-forming tend- 
ency is hindered by both the 
point contact and the side-slide. 


SINGLE-THROATED WORM-GEARS 


In a single-throated worm- 
gear, tooth contact is on a curved 
line. The sliding and rolling 
action of the gear teeth is radial, 
as in spur gears, but the rotation 
of the worm imposes side-slid- 
ing, and because the speed of the 
worm is high compared to that 
of the gear, side-slide predomin- 


ates. The resulting line of action 
of the net side-slide almost co- 
incides with the line of tooth 
contact, Full fluid films of lubri- 
cant cannot be maintained easily 
under these circumstances, and 
conditions are therefore not en- 
tirely favorable to the formation 
of full fluid films, 


NON-THROATED WORM-GEARS 


The teeth of a non-throated 
worm-gear are cut angularly 
across the face of a blank. They 
are not curved and do not en- 
velop the teeth of the worm. Also, 
since they are a form of helical 


gears mounted on crossed shafts, 
point contact prevails, the con- 
tact pressure in relatively high, 
and side-slide is present; hence 
these gears are not favorable to 
lubrication. 


AYPOID GEARS 


The line of contact between 
mating teeth of hypoid gears is 
a curved, slanted line, somewhat 
like that found with spiral bevel 
gears. When the shafts of pin- 
ion and gear are only slightly 
offset, conditions are similar to 


those prevailing with spiral bevel 
gears, and hence are favorable 
to lubrication. As the amount 
of offset increases, - side-slide 
progressively assumes greater 
importance and the lubrication 
problem becomes more difficult. 









































Fig. 5. Because the Gears 
of This Pinion-stand Oper- 
ate in Either Direction, 
Provision is Made to Feed 
Oil to Both Sides of the 
Meshing Teeth. Oil, Pumped 
from a Reservoir, is Flooded 
over the Upper Gear. Due 
to the Rotation of the Gear, 
the Oil is Diverted to a 
Baffle Plate, which in Turn 
Guides it to the Incoming 
Teeth of the Lower Gear. 
Thus, Irrespective of Direc- 
tion of Rotation, Oil is Fed 
to the Teeth of Both Gears 
on the Approaching Side 
of Mesh 








OM MESERVONR 


Fig. 3. With This Method of Lu- 
brication, the Main Supply of 
Oil is Kept Relatively Free of 
Agitation and Churning. The 
Lower Half of the Gear is En- 
cased by a Metal Cover, into 
which Oil from the Reservoir En- 
ters through Suitable Holes. The 
Rotation of the Gear Carries 
the Oil Upward and Throws it 
against the Upper Half-casing, 
where it is Cooled by Radiation. 
The Oil Thrown by the Gear is 
Caught in Troughs on the In- 
side of the Upper Casing, and 
is Fed by Gravity to the Bearings. 
Drain Holes in the Bearing Seats 
Return the Oil to the Reservoir 


Fig. 4. In Forced-circula- 
tion Oiling Systems Such 
as This, it is Important 
that the Spray of Oil be 
Directed at the Teeth Just 
as They Start Engagement 
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developed into a more or less elaborate structure, entirely enclosing the gears 
and acting at the same time as a sump or reservoir for holding the gear 
lubricant. 

The design of shafts, bearings, and bearing supports or housings is a matter 
of the utmost importance. hey must be developed along with the gear 
design itself, or else the gear set is likely to be improperly lubricated. 

With enclosed gearing, it is incumbent on the designer to carefully assess the 
heat generated during operation and provide a sufficient heat transfer surface 
in the gear-case or oil-cooler to maintain moderate operating temperatures. 
Lubricating oil that becomes excessively thinned due to high temperatures is 
more easily squeezed from between the teeth, and metal-to-metal contact 
results. Ignoring any heat rise due to external causes, the total amount of 
heat generated is in practically direct proportion to the horsepower trans- 
mitted, whereas the physical size of the gear set is increased at a lesser ratio. 
Hence, the total natural radiation from a large case is relatively of less magni- 
tude than from a small case, and means of forced cooling of the lubricating oil 
may have to be provided for the larger unit. 

The exact nature of the proposed lubricating system also requires considera- 
tion. When splash or bath lubrication is used, the normal oil level must be 
carefully determined. If the oil level is too high, unnecessary churning of the 
lubricant brings about high temperatures, which thin the oil excessively and 
accelerate oxidation. This condition is encountered frequently in small, high- 
speed sets, and indicates that the design should provide for the correct oil level 
and for the optimum radiating capacity of the gear housing or casing. On 
the other hand, large splash-oiled gear sets may also subject the lubricant to 
excessive churning. This condition can be avoided by encasing the lower half 
of the gear in a metal cover having holes which admit oil in limited quantity 
from the main supply. The gear dips into a relatively. small quantity of oil, 
— main supply is kept free of agitation and churning, This is illustrated 
in Fig. 3. 

With splash lubrication, it is also wise to provide a settling or sediment 
chamber by damming or baffling off that part of the oil reservoir where the 
bulk of the oil drops back to the main supply. The oil in such a reservoir lies 
comparatively still and solid impurities settle to the bottom; the relatively 
clean oil then flows slowly over the dam to the main body of lubricant: Mag- 
netic drain plugs at strategic points in the gear-case assist in removing iron 
and steel particles whose continued presence would cause wear by abrasion, or 
perhaps would accelerate oxidation of the lubricant by catalytic action. 

Circulation oiling, with the lubricant sprayed on the gears (as illustrated in 
Figs. 4 and 5), encourages radiation of heat from the oil to the air, and nor- 
mally eliminates the heat developed due to churning of the oil in a bath or 
splash system. Part of the spray strikes the sides of the case and is cooled as 
aresult. In acirculation system, cooling by a separate oil cooler is more easily 
arranged. Such a system also permits the use of oil filters, a practice that 
assists lubrication by removing harmful abrasives and sludge from the lubri- 
cating oil. 

The point of application of oil to the meshing teeth is very important in 
forced-circulation systems. In general the spray of oil should be directed at 
the teeth just as they start engagement, as in in Fig. 4. Likewise, if the 
gears are required to operate in either direction, spray provisions must be 
made for both conditions. Frequently, deflecting troughs or baffles will 
accomplish the same purpose, as in the pinion-stand shown in Fig. 5. 

&. Breather openings or vents should be provided for.enclosed gear sets. 7 
build-up in pressure that tends to cause leakage outward will thus be avoided. 
Venting also helps cool the géar-case and assists in the removal of potentially 
harmful water vapor... A means of venting is almost imperative when a gear 
set is expected to operate on an intermittent basis, as the alternate heating 
and cooling are favorable:to the accumulation of moisture by condensation of 
airborne water vapor. Any water that accumulates in the gear-case will tend 
to cause rusting of the gears and interior of the housing and the formation of 
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SEDIMENT CHAMBER 
Fig. 6. In This Double-reduction Splash- 
lubricated Gear Set, Oil Splashed from the 
Gears Drains into a Trough in the Housing 
and Thence to the Bearings 
























































Fig. 7. Splash-lubricated Gear Set 
in which Pockets are Cast in the Gears 
on the Low-speed Shaft for the Purpose of 

Carrying Oil to the Bearings 
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Fig. 8. Splash-lubricated Bevel-gear 
Set in which the Bearings are Lubricated 
by Direct Splash from the Gears 


emulsions and sludges—conditions that must be avoided as much as possible 
in the interests of gear and lubricant life. 

Bearings usually are lubricated by the same oil that is used for the gears 
themselves. This is a relatively simple procedure when circulation by pump 
or gravity means is utilized. In splash-lubricated sets, part ofthe oil thrown 
from the gear is led to the bearings. Troughs, pockets in the gears, and 
direct splash from the gears are common methods by which bearings are 
lubricated, as shown in Figs. 6, 7, and 8. 

There is little the designer can do for the lubrication of open gearing other 
than to design the gears for the load, speed ratio, and any other requirements 
involved, and supply adequate supports in the form of shafting and bearings. 
He can, however, specify the installation of a mechanical force-feed lubricator 
or a simple drop-feed oil-cup that will permit the application of small but 
regular feeds of a lubricant having characteristics valuable in boundary film 
lubrication. The force-feed lubricator, because of its positive action, is to be 
preferred if a suitable mounting and drive can be arranged... 

The problem of gear lubrication resolves into one of lubricant selection and 
intelligent maintenance of gears and lubricating oil. Fortunately, oil refiners 
are keenly aware of the lubrication needs of modern gearing of both the 
enclosed and open types. They have available a variety of proved lubricants 
and lubrication engineers who are qualified by training and experience to 
consult with the gear user and advise him on lubricant selection and mainte- 
nance. 
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BOOK REVIEW. 


“NOUVEAUTES TECHNIQUES MARITIMES EN 1946”. 
THE JOURNAL DE LA MARINE MarcHanpe, 190 BouLevarp 
HaussMANN, Paris (8) France. Price 400 FRANCs. 


This is the only French publication devoted to Naval Con- 
struction, The subject is treated under four general headings; 
hull, propulsion machinery and boilers, auxiliaries and port activi- 
ties, each containing studies by highly qualified engineers dealing 
with the latest techniques developed during the war. 

- Carefully» prepared, and. abundantly illustrated, this publication 
contains 216 pages and is the result of efforts of engineers and 
members of industry interested in Naval Construction. 
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ERRATA. 


On page 140, second paragraph, of paper entitled “Influence of 
Arctic Operations on Future Ship Design”, by Captain R. B. 
Lank, Jr., U.S.C.G., in the May, 1947, issue of the JourNAL, the 
name Edisto should be changed to Eastwind. 
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ASSOCIATION NOTES. 





Society LAPeL Button. ° 


Shown below is an illustration of the lapel button of the 
Society. It is believed that it will be conceded that this is a 





very fine, dignified insignia. It is one-half inch in diameter. 
The oak leaves and lettering are red on a gold back-ground. 
It is available to all members at fifty cents (50c) each. 


CHANGES IN CoUNCIL. 

The following appointments to membership on the Council have 
been made, all due to detachment from duty in, Washington of 
those replaced: . 

Captain D. L. Hull, U. S. N., in place of R. Adm. N. L. Rawl- 

ings, U. S. N. 

Captain Robert L. Swart, U.S. N., in place of R, Adm. S. S. 

Kennedy, U. S. N. ; 

Commodore H. C, Shepheard, U. S. C. G. R., in place of Captain 

R. E. Coombs, U. S. C. G. R. 


SCHOLARSHIP. 


The Society has awarded the scholarship recently. established 
by it at Webb Institute of Technology to John R, Alexander, Jr., 
son of Captain John Richmond Alexander, U. S. N. R. 


MEMBERSHIP. 


The following have joined the Society since the publication of 
the May, 1947, Journa.: 
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NAVAL. 


Anderson, Walter H., Ensign, U. S. N. R., 
1021 Elm Ave., Sanford, Fla. 

Boehner, Herbert C., Lieut. Commander, U. S. N. 

Brand, Carl R., Commander, U. S. N. R., 

Staff Headquarters, 17th Naval District, Kodiak, Alaska. 

Brooks, R. L., Lieut. Commander, U. S. N., 

707 Greythorne Road, Wynnewood, Pa. 
Bryan, Roland Towler, Lieut. j.g., U. S. N., 
Research & Development Department, The Babcock & 
Wilcox Company, Box 835, Alliance, Ohio. 
Carmody, Maurice F., Ensign, U. S. N. R., 
Carr, James E., Lieut., U. S. N. R., Ret., 
259 South 44th St., Philadelphia, Pa. 
Chambellan, R. E., Lieut., U. S. N. R., 
537 St. Pauls Ave., Cliffside Par; 10, N. J. 

Crecca, John D., Captain, U. S. N., 

Board of Inspection & Survey, Navy Department, 
Washington, D. C. 

Dunne, Roye, Lieut. j.g., U. S. N. R., Assistant to General 
Manager, Bull SS Line, Pier 9, Corpus Christi, Texas 
Mail 1001, Ralston Ave., Corpus Christi, Texas. 

Gerech, Walter T., Lieut., j.g., U. S. N., 

% D.S. Jenkins, Annapolis Boulevard, Annapolis, Md. 

Gorman, Donald V., Ensign, U. S. N. 

Heckman, Forrest D., Lieut., j.g., U. S. N. R., 

Machinist & Draftsman, Basch-Ross Tool Co., Pampa, Texas 
Mail 710 N. Sommerville, Pampa, Texas. 

Herzog, Cornelius E., Lieut. Commander, U. S. N., 

Naval Aircraft Modification Unit, Johnsville, Pa. 

Hughes, J. Gerard, Commander, U. S. N., 

36 Mayfield Road, Belmont, Mass. 

Hutter, William H., é 
402 E. 16th St., Austin, Texas. 

Kraft, John D., Lieut., U. S. N., 

Ordnance Officer, Pearl Harbor Naval Shipyard, 
Navy No. 128, % Fleet P. O., San Francisco, Calif. 
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Kroh, George W., Commander, U. S. N., 
Port Engineer, Isthmian SS Co., 71 Broadway, New York, 
N. Y., Mail 54 Montrose Ave., Jersey City 7, N. J. 
Lambert, Lloyd W., Lieut., U. S. N. R., 
Pacific Islands Towing Co.; The Luzon Stevedoring Co., 
112 Market St., San Francisco, Calif. 
Landers, W. N., Captain, U. S. N., Ret., 
Society of Naval Architects and Marine Engineers, 
29 West 39th St., New York 18, N. Y. 
Lorimer, Ralph S., Commander, U. S. N. R., 
President Lorimer Diesel Engine Company, 
Mail 236 Hillside Ave., Piedmont 11, Calif. 
McCuire, John William, Lieut., j.g., U. S. N. R., 
Marine Engineer, Transportation Corps, U. S. War Dept., 
Seattle, Wash. 
Mail 4677 Escallonia Court, Seattle 8, Wash. 
McNaughton, Vernon Forrest, Lieut., j.g., U. S. N., 
1148 Chestnut St., Long Beach, Calif. 
McNelis, John Francis, Jr., Ensign, U. S. N. R., 
1330 65th Ave., Philadelphia 26, Pa. 
Mehaffey, William C., Captain, U. S. N. R., 
1630 N. Greenbrier St., Arlington, Va. 
Pearson, Francis E., Ensign, U. S. N. 
Peyton, Robert J., Ensign, U. S. N. R., 
1340 S. Ridgeley Drive, Los Angeles 35, Calif. 
Phillips, George L., Commander, U. S. N., 
Headquarters, First Naval District, 
Mail 35 Samoset Ave., Mansfield, Mass. 
Rummel, Bernard Christian, Ensign, U. S. N. R., 
8050 Cameron Drive, Lemon Grove, Calif. 
Schorer, Howard J., Lieut., j.g., U. S. N. R., Ret., 
19 Marlboro Place, Bellmore, L. I., N. Y. 
Senkus, Ernest Rex, Lieut. Commander, U. S. N., 
Head Inspector Arabian American Oil Co., 
Dharan Saudi, Arabia, 
Mail % J. E. Blanding, 80 Park Ave., Manhasset, L. I., N. Y. 
Sigler, Roy C., Jr., Ensign, U. S. N., 
Morganfield, Ky. 
Smith, Walter C., Lieut., U. S. N., 
Charleston Naval Shipyard, Naval Base, S. C. 
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Soike, Richard J., Lieut., j.g., U. S. N. R,, 
Tech. Asst. Southern California Gas Co., Los Angeles, Calif.. 
Mail 316 Colorado Place, Long Beach 14, Calif. 
Spoorer, Charles G., Jr., Lieut. Commander, U. S..N., 
Staff, Commander Texas Group, Atlantic Reserve Fleet, 
Orange, Texas. 
Steigelman, Edward T., Lieut. Commander, U. S. N., 
Planning Dept., Terminal Island Naval Shipyard, 
San Pedro, Calif. 
Stone, H. L., Captain, U. S. N., Ret., 
1561 Catalina Boulevard, San Diego 7, Calif. 
Stutler, Delmas C., Jr., Lieut., j.g., U. S. C. G. R., 
Sr. Nav. Arch., Research & Engineering Div. Transportation 
Corps, Pentagon Building, Washington, D. C., 
Mail 356 Raleigh St., S. E., Apt. 1, Washington, D. C. 
Tippie, Bruce E., Lieut., j.g., U. S. N. 
Turney, William L., Captain, U.S. N., 
1805 Queen Lane, Arlington, Va. 
Ulam, Frederick A., Lieut., j.g., U. S. N., 
601 E. Main St., Glasgow, Ky. 
Venne, Antoine W., Jr., Lieut. Commander, U.S. N., 
15 Cypress St., Lawrence, Mass, 


Civit. 


Brown, Arthur Doran, District Manager, Allis Chalmers Mfg. Co. 
Southern Building, 15thand H Sts., N.W., Washington, D. C. 
Brown, Stuart D., Manufacturers Agent and Ship Broker, 
401 Broad St., Sewickley, Pa. 
Coveny, Richard J., 

’ In Charge Research, Fram Corporation, East Providence, R. I. 
Davidson, Kenneth Seymour Moorehead, Director, Experimental 
Tank, Stevens Institute of Technology, 711 Hudson St., 

Hoboken, N. J. 
Dickey, P. S., Vice President, Bailey Meter Co., 
1050 Ivanhoe Road, Cleveland 10,: Ohio. 
Heggstad, Kaure M., 
Ubsatasjonen, Trondheim, Norway. 
Lock, Frank J., Chief Engineer, Yale & Towne Mfg. Co., 
Electric Hoist Div., Philadelphia, Pa. 
Mail, 5725 Jefferson St., Philadelphia 31, Pa. 
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MacDonald, Hugh W., Liaison Officer, Experimental Towing Tank 
Stevens Institute of Technology, Hoboken, N. J., 
Mai! Greenway Steading, Rural Route No. 2, 
Boundbrook, N. J. 

Murray, Allan B., Asst. Director, Experimental Towing Tank, 
Stevens Institute of Technology, 711 Hudson St., 
Hoboken, N. J. 

Stuart, Milton C., Professor of Mechanical Engineering, 
Lehigh University, Bethlehem, Pa. 

Tower, Burton H., Sen. Naval Arch., U. S. Marine Commission, 
Washington, D. C. 
Mail 123 Heather Lane, Falls Church, Va. 
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Foisy, Donald H., Adm. Asst. General Electric Company, 
Room 800, Shoreham Building, Washington, D. C. 
Heyer, William George, Cadet Midshipman, U. S. Merchant 
Marine Academy, Kings Point, L. L, N. Y., 
Mail 464 Norwood Terrace, Elizabeth, N. J. 
Kelsner, Capt. John W., Const. Supt. Asst. Marine Supt., 
Nicholson Terminal & Dry Dock Co., 
Mail 9140 Lane Ave., Detroit 9, Mich. 
Ronan, Eugene J., Exec. V. P., 
Pennsylvania Flexible Metalling Tubing Co., 
72d and Powers Lane, Philadelphia 42, Pa. 
Skyrme, Ronald S., Supt. Engineering Dept., 
Employers Liability Assurance Corp., 
Independence Building, Philadelphia, Pa. 
Smythe, Charles M., Manager, E. W. Saybolt & Co., 
Petroleum Building, Houston 2, Texas. 
Solari, Luis Ricardo, Inspector General de 
Construccion Navales y Talleres 
% Dravo Corp. Neville Island, Pittsburgh, Pa. 
Watson, John Garth, Electrical Commander, Royal Navy 
1423 Whittier St., N.W., Washington, D. C. 
Williamson, Roger, Washington Representative 
Hydropress, Inc. 
1912 Sunderland Place, Washington, D. C. 














